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PREFACE. 


"C^ROM  time  immemorial  the  mind  of  man  has  felt  a  strong 
desire  to  fathom  the  laws  which  govern  the  various 
phenomena  of  Nature,  and  to  understand  her  in  her  most 
secret  work — in  short,  to  make  itself  master  of  her  forces,  in 
order  to  render  them  as  useful  to  material  as  to  intellectual 
and  moral  life ;  such  is  the  noble  undertaking  to  which  the 
greatest  minds  have  devoted  themselves.  For  too  long  did 
man  wander  in  this  eager  and  often  dangerous  pursuit  of 
truth :  beginning  with  ftinciful  interpretations  in  his  infancy, 
he  by  degrees  substituted  hypothesis  for  fal>le ;  and  then,  at 
length,  understanding  the  tiTie  method,  that  of  cxpcrimentiil 
observ^ation,  he  has  been  able,  after  innumerable  efforts,  to 
give  in  imperishable  formula),  the  most  general  idea  of  the 
principal  phenomena  of  the  physical  world. 

In  order  thus  to  place  itself  in  communion  with  Nature, 
our  intelligence  draws  from  two  springs,  both  bright  and  pure, 
and  equally  fruitful — Art  and  Science :  but  it  is  by  ditferent, 
we  may  say  even  by  opposite,  methods  that  these  springs 
at  which  man  may  satisfy  his  thirst  for  the  ideals,  which 
constitutes  his  nobleness  and  greatness,  the  love  of  the  beau- 
tiful, truth  and  justice,  have  bec'U  reached.  The  artist  abstains 
from   dulling  the  brilliancy   of   his   impressions   by    a  cold 
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analysis ;  the  man  of  science,  on  the  contrary,  in  presence  of 
Nature,  endeavours  only  to  strip  off  the  magnificent  and 
poetical  surroundings,  to  dissect  it  so  to  speak,  in  order  to 
dive  into  all  the  hidden  secrets;  but  liis  enjoyment  is  not 
less  than  that  of  the  artist,  when  he  has  succeeded  in  recon- 
structing, in  its  intelligible  whole,  this  world  of  pheno- 
mena of  which  his  power  of  abstraction  has  enabled  him  to 
investigate  the  laws. 

We  must  not  seek  then  in  the  study  of  physical  pheno- 
mena, from  a  purely  scientific  point  of  view,  the  fascination 
of  poetical  or  picturesque  description ;  on  the  other  hand, 
such  a  study  is  eminently  fit  to  satisfy  that  invincible 
tendency  of  our  minds,  which  urges  us  on  to  understand 
the  reason  of  things — that  fatality  which  dominates  us,  but 
which  it  is  possible  for  us  to  make  use  of  to  tlie  free  and 
legitimate  satisfaction  of  our  faculties. 

Gravity,  Sound,  Heat,  Electricity,  and  Light  are  the 
divisions  under  which  are  arranged  the  phenomena  the 
description  of  which  forms  the  object  of  this  work.  The 
programme  has  not  been  confined  to  a  simple  explanation  of 
the  facts :  but  an  attempt  has  been  made  to  grasp  their 
relative  bearings,  or,  in  other  words,  their  laws;  a  slightly 
difficult  task  perhaps,  when  we  cannot  use  the  clear  and 
simple  language  of  mathematics.  It  may  be  added  that  the 
present  work  has  been  carried  out  in  the  same  spirit  as  the 
astronomical  one,  "  The  Heavens  ; "  which  is  sufficient  to 
show  that  there  has  been  neither  the  thought  nor  the 
intention  to  compile  a  Treatise  on  Physics :  I  have  been 
content  to  smooth  the  way  for  those  who  desire  to  extend 
their  studies,  and  likewise  to  present  to  general  readers  a 
sufficiently  exact  and  just  idea  of  this  branch  of  science. 
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In  this  attempt  at  a  description  of  physical  phenomena  I 
have  drawn  from  numerous  sources,  too  long  to  enumerate, 
science  having  developed  so  much  during  the  last  two  cen- 
turies ;  but  I  should  fail  in  a  simple  act  of  justice,  if  I  did  not 
express  my  gratitude  to  one  of  our  most  learned  physicists, 
M.  le  Roux,  who  was  kind  enough  to  read  over  most  of  the 
proofs  of  the  work,  and  whose  judicious  advice  has  been  of 
so  much  use  to  me. 

I  have  also  to  thank  M.  Chevreul,  who  gave  me  per- 
mission to  reproduce  three  plates  of  his  chromatic  tints, 
and  M.  J.  Silbermann,  preparateur  of  the  course  of  physics 
at  the  College  de  France,  who  undertook  to  supervise  the 
reproduction  of  some  of  the  beautiful  pictures  in  which  he 
has  represented  several  optical  phenomena.  Lastly,  I  must 
acknowledge  the  valuable  aid  of  the  artists,  especially  MM. 
Bonnafoux  and  Laplante,  Digeon  and  Rapine,  who  have 
designed  or  engraved  the  coloured  plates  and  woodcute. 
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FBENCH  AND   ENGLISH   SCIENTIFIC   UNITS. 

TN*  the  varied  examinations  into  the  qualities  and  properties  of 
"^  matter  with  which  Physical  Science  is  specially  concerned, 
certain  units  of  measurement  are  essential.  And  it  is  unfortunate 
that  in  different  countries  these  units  are  not  the  same.  The  Metric 
or  French  system,  how^ever,  is  now  so  universally  acknowledged  to 
be  the  best  for  scientific  purposes,  that  the  Editor  by  the  advice  of 
eminent  scientific  friends  has  retained  it  in  this  work.  Its  retention 
renders  necessary  a  few  words  by  way  of  introduction. 

One  great  advantage  of  the  Metric  System  over  our  own  is  that  it 
is  a  decimal  system  :  thus,  by  the  simplest  decimal  system  of  multi- 
plication and  division,  we  are  enabled  to  perform  with  speed  and 
ease  any  calculations  connected  with  it  which  may  be  necessary; 
another  is  that  the  same  prefixes  are  used  for  measures  of  length, 
surface,  capacity,  and  weight ;  and,  finally,  these  various  measures  are 
related  to  each  other  in  the  simplest  manner. 

Unit  of  Length, — The  English  unit  of  length  is  the  yard,  the  length 
of  which  has  been  determined  by  means  of  a  pendulum,  vibrating 
seconds  in  the  latitude  of  London,  in  a  vacuum,  and  at  the  level  of 
the  sea.  The  length  of  such  a  pendulum  is  to  be  divided  into 
3,913,929  parts,  and  3,600,000  of  these  parts  are  to  constitute  a  yard. 
The  yard  is  divided  into  36  inches,  so  that  the  length  of  the  seconds 
pendulum  in  London  is  39  13929  inches. 

The  French  unit  of  length,  called  the  mitre  (from  fitrpeo),  I  measure), 
has  been  taken  as  being  the  ten-millionth  part  of  the  quadrant  of  a 
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iiicridiim  p.iwiiip  tlimiijrli  Paris ;  tliat  is  to  say,  the  ten -millionth  part 
of  tlio  (listancft  bL-twt-en  the  e<i«iitor  and  the  pule,  measured  through 
Turis.  It  ii  Qy\y\u\.  to  Ii9-37(l7898  inches.  The  metre  is  divided 
into  one  lliomand  viHUmelres,  one  hiindi-ed  ceniimhres,  and 
ten  d&imetrta ;  wiiile  a  dentmitri'  is  ten  metres,  a  hectomHre  one 
Inuidred  inotivs,  ii  Icilomitre  one  thousand  nu'trea,  and  a  vii/riomelre 
ten  Ihoiisiiiiil  metres.  The  following  table  gives  the  value  of  these 
ineasuremeiit-1  in  English  inches  and  yards : — 


Milliiiiitre 0-O3!i:)7 

CcQliiiiJitre 0-3!l371 

I>ifciin«tre 3'a37(lB 

MkTHK ,            3i>-3707» 

Dicamttw I           3n3-707!W 

Hectometre |         30a7'O7y<K) 

Kilomitre 3!W70-7!KHK) 

Myrionifttre '     39:17*  >7i)i>i  WO 


11)936331 
10-9363310 

10!C3(i33IlW 
I0n3-fi331000 
l(«l3e-331O0OO 


One  English  yard  is  equal  to  0-91438  mi'tre  ;  while  one  mile  is  equal 
to  l-COii:!!  kilometre. 

In  the  annexed  woodcut  a  decimetre,  with  its  divisions  into 
centimetres  and  milliinetrea,  is  shown,  and  compared  with  four  inches 
divided  into  eighths  and  tenths. 


Uitil  of  Siir/'iir,- — For  the  unit  of  surface,  the  square  inch,  foot, 
and  yanl  adopted  in  this  country  are  iT|>hu'ed  in  the  metric  sy.itein 
hy  the  siiuare  millimetre,  ceutinietre,  deeiuiefrc,  and  mf'tre. 


I  si|iinre  inch 
I  r^ijimrc  foiit 
I  sfiiiiiw  y:ird 


i;-i. 


;(131.T    sqiinre  yiiriis. 

3IHi!(  square  rcntlTiit- 
■i."!HHln:l  sqtinre  d^itnit 
■fia(iiH»7l."  MHiiirc  mkre. 
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In  the  annexed  woodcut  a  square  inch  and  a  sq^uare  centimetre 
are   shown,  in  order  to   give  an  idea 
of   measures    of    surface    wliich    will 
often  be  referred  to   in  the  following 
pagea 


Unit  0/  Cajmcily. — Tlie  cubic  inch, 
foot,  and  yard  furnish  measures  of 
capacity  ;  but  irregular  measures,  such 
as  tlie  pint  and  gallon,  are  also  used  in  tliis  countiy.  The  gallon 
contains  ten  pounds  avoirdupois  weiglit  of  distilled  water  at  62°  F. ; 
the  pint  is  one-eiglith  part  of  a  gallon.  Tlie  French  unit  of  capacity 
is  the  mbic  decimetre  or  litre  (Xlrpa,  the  name  of  a  Greek  standard 
of  quantity),  equal  to  l-7(i07  English  pints,  or  02200  English  gallon ; 
and  we  have  cubic  inches,  decimMres,  centimetres,  and  millimetres. 


I  litre 

1  cubic  foot 

1  cabic  inch 


=■  (Sl-027052  cubic  inches. 

=■  2S-315311  litres. 

=  lfi"38fiI75  cubic  centimetre. 

=  4543457  litres. 


Unit  of  Mass  or  Weight. — The  English  unit  of  weight— the 
jiound — is  deriveil  from  the  standard  gallon,  which  contains  277274 
cubic  inches;  the  weight  of  one-tenth  of  this  is  the  pound  avoirdu- 
pois, which  is  divided  into  7,0ll0  grains.  The  French  measures  of 
weight  are  derived  at  once  from  the  measures  of  capacity,  by  faking 
the  weight  of  cubic  millimetres,  centimetres,  decimetres,  or  metres  of 
water  at  its  maximum  density,  that  is  at  i'C.  A  cubic  metre  of 
water  is  a  tonne,  a  cubic  d&imetre  a  kilogramme,  a  cubic  centimi'tie 
a  gramme,  and  a  cubic  millimetre  a  milligrnninie. 


[  MiUij^mme  (tj^ijth  ?!"<  of  ft  granim 

I  Oentigramme  {  j^frth       „  „ 

'  Decigramme   (    ^Ih        „  „ 

[  I>^cn<;ramme    (       111  grammes)  .     . 

i  Hectogramme  (100        „      )  .     . 

KUogromrae    (  KKW        „      )  .     , 

\  Myriogramnie  (lOOOi)         „       ;  ,     . 


0()l.'i432 

o-ono;H«2 

lil,M323 

0-01)01)220 

1-54323.1 

O-0()()2205 

i:>'43334i> 

0-i)n22n4fi 

l.-)4-.1234Re 

«0220J(i2 

l.')4:|-234S80     ■ 

0' 2204031 

15432 -34881X1 

2-21146213 

104323'488(HX)     1 

22'04(i2l2fi 

xxxviii  INTRODUCTORY  CHAPTER. 


Besides  these  units,  tliere  are  others  on  which  a  few  words 
may  be  said,  as  the  units  before  referred  to  are  implicated.  The 
Unit  of  Time  or  Duration  is  the  same  for  all  civilized  coun- 
tries. The  twenty-fourth  part  of  a  mean  solar  day  is  called 
an  hour,  and  this  contains  sixty  minutes,  each  of  which  is  divided 
into  sixty  seconds.  The  second  is  universally  used  as  the  unit 
of  duration. 

Having  now  units  of  space  and  time,  we  are  in  a  position  to  fix 
upon  a  Unit  of  Velocity, — The  units  of  velocity  adopted  by  diflferent 
scientific  A^Titers  vary  somewhat ;  the  most  usual,  perhaps,  in  regard 
to  sound,  falling  bodies,  projectiles,  &c.,  is  the  velocity  of  feet  or 
mitres  per  second.  In  the  case  of  light  and  electricity,  miles  or  kilo- 
mitres  per  second  are  employed. 

We  have  next  the  Unit  of  Mechanical  Worh — In  this  country  the 
unit  of  mechanical  work  is  usually  the  foot-pound^  viz.  the  force 
necessary  to  raise  one  pound  weight  one  foot  above  the  earth  in 
opposition  to  the  force  of  gravity.  A  horse-power  is  equal  to  33,000  lb. 
raised  to  a  height  of  one  foot  in  one  minute  of  time.  In  France  the 
kUogranimitre  is  the  unit  of  work,  and  is  the  force  necessary  to 
raise  one  kilogramme  to  a  height  of  one  mitre  against  the  force  of 
gravity.  One  kilogrammitre  =  7*233  foot-pounds.  The  chcval-vapetir 
is  nearly  equal  to  the  English  horse-power,  and  is  equivalent  to 
32,500  lb.  raised  to  a  height  of  one  foot  in  one  minute  of  time. 
The  force  competent  to  produce  a  velocity  of  one  mitre  in  one 
second,  in  a  mass  of  one  gramme,  is  sometimes  adopted  as  a  unit 
of  force. 

Unit  of  Heat. — These  units  vary :  the  French  unit  of  heat,  called 
a  calorie,  is  the  amount  of  heat  necessary  to  raise  one  kilogramme 
(2*2046215  lb.)  of  water  one  degree  Centigrade  in  temperature; 
strictly  from  0**  C.  to  1**  C.  In  this  country  "we  sometimes  take  one 
pound  of  water  and  1"*  Fahrenheit  as  the  units ;  sometimes  one  pound 
of  water  and  1"*  C. 

Thcrmomeiric    deyncs. — The    value    of    different    thermometric 
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degrees    is    discussed    in   the  work   itself   (vide   Heat,   Book   IV., 
cliapter  i.).     The  following  facts  may  be  found  useful : — 


1^ 

Fahrenheit 

= 

0-55^?.      = 

(»-44''R. 

1'' 

Centigrade 

= 

()-8()=R     = 

1  -m"  F. 

V 

Reaumur 

= 

1  -25^  C.     = 

2-25'  F. 

Centigrade  degrv 

ea     -^     T) 

X 

J)     -h     32 

=     Fahrenheit  degi 

Reaumur 

i> 

-h     4 

X 

!)     4-     32 

'^             >*               » 

Fahrenheit 

»» 

-    32 

• 

I)      X       5 

=     C'entigrade       , 

»♦ 

•< 

--    32 

• 
• 

9X4 

=     Reaumur         , 

Centigrade 

V 

H-     5 

X 

4 

**           »>                 » 

B^umur 

»} 

H-     4 

X 

5 

=     Centigrade       , 
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GRAVITY. 


CHAPTER  I. 

PHENOMENA  OF  GRAVITY  ON  THE  SURFACE  OF  THE  EARTH. 

Manifestation  of  weight  by  motion  :  fall  of  bodies,  flowing  of  liquids,  ascent  of 
gas — Pressure  of  bodies  in  equilibrium  ;  stability  of  the  various  solid,  liquid, 
and  gaseous  strata  which  constitute  the  ten-estrial  globe — (.'rumbling  away  of 
mountains ;  fall  of  avalanches  and  of  blocks  of  ice  in  the  polar  regions— Air 
and  sea  currents. 

A  STONE  left  to  itself  in  the  air  falls,  and  its  movement  is 
^  arrested  only  on  touching  the  ground;  a  round  body,  or 
a  solid  ball,  rolls  along  a  plane  inclined  to  the  horizon;  a  liquid 
mass,  such  as  a  brook  or  large  river,  flows  on  the  sloping  sur- 
face which  forms  its  bed;  smoke  and  steam  rise  into  the  air.  All 
these  phenomena,  and  many  others  that  we  shall  review,  are  the 
varied  manifestations  of  one  ever-active  force,  universally  distributed 
throughout  all  nature,  which  is  called   WeiglU. 

All  bodies,  without  exception,  which  are  found  on  the  surface 
of  our  planet — in  the  depths  of  its  crust,  or  in  the  gaseous  strata  of 
which  its  atmosphere  is  fonned — ^liave  weight  This  is  a  fact  so  ob- 
vious that  in  the  case  of  solid  and  liquid  bodies  it  hardly  requires 
to  be  stated.  We  shall  soon  have  occasion  to  show  that  it  holds 
good  also  with  regard  to  ga-ses  and  vaix)urs. 
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Nor  iH  it  only  moving  phenomena", which  familiarize  us  with  the 
ftction  of  weight :  it  exercises  itself  also  incessantly  on  bodies 
whic^h  ai)i)iMir  to  us  to  be  at  rest,  and  which  in  reality  are  only  in 

equilibrium.  The  stone  which  has  touched  the 
ground,  the  fall  of  which  our  eyes  have  followed, 
continues  thenceforth  to  weigh  on  the  surface 
which  upholds  it,  and  this  pressure,  which  is 
rendered  evident  by  the  constant  tension  of  a 
spring  (Fig.  1),  is  rendered  sensitive  to  our 
oi^tuis  by  the  effort  which  tlie  hand  is  obliged 
to  use  to  support  the  stone. 

A  book  placed  on  the  table  remains  at  rest, 
but  presses  on  its  support,  which  itself  rests  on 
the  ground.  A  mass  of  metal  suspended  at 
the  lower  end  ot  a  thread  or  flexible  cord 
stretches  the  thread  or  cord ;  this  tension,  which 
continues  as  long  as  the  suspending  thread  is 
not  cut,  proves  the  continuous  action  of  the 
force  on  the  suspended  body. 

We  must  therefore  clearly  understand  that 
rest  is  not  synonymous  with  inaction,  and  we 
may  be  assured  that,  on  the  earth,  no  material 
particle,  whether   solid,   liquid,   or  gaseous,  is 
ever  for  one  moment  free  from  the  action  of  this  force. 

Let  us  now  endeavour  to  give  a  general  picture  of  the  terrestrial 
phenomena — phenomena  of  equilibrium  and  of  motion — ^which  are 
produced  by  this  force. 

Astronomy  teaches  us  that  the  earth  is  of  the  form  of  a  nearly 
spherical  ball,  and  has  two  movements — movements  in  which  all 
the  parts  of  its  mass  participate  at  the  same  time :  one  of  uniform 
rotation  round  one  of  its  diameters,  the  other  of  translation,  which 
draws  it  with  varying  velocity  along  an  elliptic  orbit,  the  sun 
being  in  a  focus  of  that  orbit.  But  neither  the  one  nor  the 
other  of  these  movements  directly  affects  the  equilibrium  of  its 
various  parts.  The  solid  masses  which  form  its  crust;  the  nucleus, 
probably  in  a  state  of  incandescent  fusion,  which  forms  the  interior ; 
the  liquid  part  of  its  surface,  the  oceans;  and  lastly,  the  gaseous 
envelope   wliich  surrounds  every  portion  of  the  spheroid,  are  in  a 
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mIiowu  by  the  teusiou  of 
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state  of  relative  stability,  resulting  from  mutual  pressure,  due  to 
the  force  which  is  now  in  question. 

It  appears  certain  that  the  entire  earth  was  once  fluid,  and  that 
the  different  strata  of  which  its  interior  is  formed  have  ranged 
themselves  in  the  order  of  their  densities — that  is  to  say,  the 
heaviest  at  the  centre,  the  lightest  at  the  surface,  according  to  the 
same  conditions  which  experience  has  proved  to  be  necessary  to 
the  stability  of  liquids  and  to  their  equilibrium  under  the  action  of 
weight  And — to  speak  only  of  the  parts  accessible  to  observation 
— it  is  seen  that  such  is  precisely  the  order  of  their  succession. 
Below  we  have  the  solid  crust — the  solid  surface  of  the  earth : 
afterwards  comes,  spread  over  three  quarters  of  this  surface,  the 
liquid  part  or  sea :  then  above  both,  the  gaseous  strata  which  fonu 
the  atmosphere.  Of  these  different  constituents,  the  air  presses  on 
the  water,  and  both  press  on  the  solid  ground. 

Let  us  examine  the  surface  of  the  continents  and  islands.  We 
find  everywhere  that  the  relief  of  the  groimd  is  such  that  all  its 
parts  mutually  support  each  other.  In  the  mountains,  as  in  the 
plains,  weight  acting  on  each  particle  has  arranged  the  masses  in 
such  a  way  that  equilibrium  is  never  or  very  rarely  destroyed. 
Suppose  the  action  of  weight  suppressed ;  the  other  physical  forces, 
no  longer  finding  resistance,  would  overturn  the  fields,  rocks,  and 
mountains,  and  would  everywhere  substitute  disorder  and  confu- 
sion in  place  of  the  order  which  results  from  their  present  stability. 
It  is  again  the  pressure  due  to  weight  which  man  utilizes  when 
he  builds  his  most  durable  constructions  in  imitation  of  nature. 
The  mass  of  the  materials,  their  vertical  disposition,  or,  better  still, 
their  slope,  as  in  the  case  of  the  pyramids  of  Egypt,  have  enabled 
some  of  the  monuments  constructed  by  man  to  defy  the  action  of 
the  elements  and  of  centuries.  We  shall  have  occasion  to  notice 
in  the  second  part  of  this  work  other  applications  of  the  action  of 
weight  to  the  arts  and  various  industries.  Let  us  here  only  remark, 
as  an  instance  of  this,  that  we  look  to  it  to  produce  adherence  of 
the  smooth  wheels  of  locomotives  to  the  rails :  it  is  the  enormous 
weight  of  the  engines  which  prevents  their  driving-wheels  from 
continually  revolving  without  making  any  progress;  and  it  is  not 
a  little  curious  that,  in  the  infancy  of  the  locomotive,  the  result  of 
the  pressure  on  the  rail  due  to  the  weight  of  the  engine  was  so 
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little  understood,  that  it  was  thought  that  cogged  wheels  instead 
of  smooth  ones  would  be  necessary. 

It  is  their  weight  also  which  keeps  the  waters  of  rivers  in  their 
natural  beds,  and  lakes  and  seas  in  their  basins,  where  these  masses 
would  remain  at  rest  if  exterior  forces  did  not  perpetually  arise 
to  agitate  them.  It  happens  sometimes  that,  imder  the  influence 
of  causes  of  irregular  and  terrestrial  origin, — such  as  earthquakes 
and  winds,  to  which  may  be  added  the  periodical  oscillations  of  the 
tides, — ^the  sea  is  upheaved  to  great  heights,  and  breaks  beyond 
its  usual  limits.  But  it  is  soon  drawn  back  to  its  more  common 
state  of  equilibrium,  either  by  its  own  weight  or  by  firiction — 
another  cause  of  stability,  the  origin  of  which  is  also  weight. 
Laplace,  as  the  residt  of  an  inquiry  into  what  were  the  conditions 
necessary  to  the  absolute  stability  of  the  equilibrium  of  seas,  proved 
that  it  is  sufficient  that  the  density  of  the  ocean  be  less  than  that 
of  the  earth — a  condition  which  is  precisely  realized  in  nature. 
Thus,  if  they  were  lighter,  the  waters  of  the  sea  would  be  in  a 
perpetual  state  of  mobility;  if  they  were  heavier,  the  variations 
from  a  state  of  equilibrium  owing  to  accidental  causes  woidd  be 
considerable,  and  would  occasion  frightfid  catastrophes  both  on 
continents  and  islands. 

But  the  persistence  of  the  action  of  weight  is  not  observable 
only  in  the  land  and  water  masses  :  the  air  is  also  subject  to 
it.  Without  this  pressure,  which  keeps  them  to  the  earth's  surface, 
the  elasticity,  or  the  force  of  expansion,  which  is,  as  we  shall  soon 
see,  a  distinctive  property  of  gases,  joined  to  the  centrifugal  force 
due  to  the  rotation  of  the  earth,  would  soon  dissipate  the  atmo- 
sphere into  space. 

Such  are,  as  a  whole,  the  phenomena  due  to  the  continuous  and 
latent  action,  so  to  speak,  of  weight  on  our  globe.  It  is  this  action 
which  everywhere  maintains  equilibriimi,  and  which  re-establishes 
it  when  it  is  disturbed  by  the  action  of  physical  forces. 

The  phenomena  of  motion,  due  to  the  same  force,  form  an 
equally  interesting  and  magnificent  picture.  The  infiltration  of  the 
waters  through  the  earth's  surface  to  different  depths  is  due  to  this 
irresistible  tendency  of  all  bodies  towards  the  centre  of  the  earth. 
It  is  this  tendency  which  by  degrees  undermines  tlie  land  and  rocks 
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and,  disturbing  their  equilibrium,  gives  rise  to  the  falling  away  of 
the  sides  of  mountains  and  hills,  and  in  time  fills  up  the  valleys. 
These  movements  have  not  the  action  of  weight  only  for  their  origin, 
and  we  shall  see  further  on  how  this  action  combines  itself  with 
those  ^  other  physical  or  chemical  forces,  and  particularly  with  that 
of  heat,  to  cause  most  of  the  motion  of  which  the  surface  of  our 
globe  and  its  atmosphere  are  the  constant  scene. 

Often  the  work  of  disorganization  remains  unperceived  until  the 
instant  when  the  catastrophe  occurs.  Masses  of  high  rocks  being 
undermined,  all  at  once  lose  their  equilibrium,  and  slide  or  are 
dashed  down,  destroying  everything  in  their  patL  Entire  mountains 
have  thus  covered  towns  and  villages  with  their  dSbris,  and  history 
has  recorded  numerous  examples  of  these  terrible  events.  In  the 
thirteenth  century.  Mount  Grenier,  the  summit  of  which  still  towers 
above  the  mountains  which  border  the  Valley  of  Chamb^ry  on  the 
south,  partly  crumbled  away,  and  buried  the  little  town  of  Saint- 
Andr^  and  many  villages :  the  "  dMmes  de  Myans "  are  still  shown, 
where  lie  the  debris  and  the  victims.  In  1806  a  no  less  terrible 
landslip  took  place,  and  precipitated  from  the  sides  of  Mount 
Euffi,  into  the  Valley  of  Goldau,  an  enormous  mass  of  rock,  which 
completely  buried  many  villages,  and  partly  filled  up  a  little  neigh- 
bouring lake. 

It  would  be  superfluous  to  calculate  what  is  the  destructive 
energy  of  similar  masses  precipitated  by  the  action  of  weight  from 
a  height  often  prodigious,  and  the  velocity  of  which  increases  with 
the  height  of  the  falL  Avalanches  are  phenomena  of  the  same 
order,  and  are  more  frequent  than  the  fall  of  mountain-sides  and 
rocks.  Masses  of  snow,  collected  on  the  inclined  side  of  a  mountain, 
or  on  the  edge  of  a  precipice,  slide  by  their  own  weight,  then  detach 
themselves,  and  fall,  crushing  everything  in  their  path.  Often  a  slight 
shock — a  pistol-shot,  or  a  shout  even — is  sufficient  to  destroy  the 
equilibrium,  and  occasion  the  phenomenon.  In  the  icebergs,  or 
mountains  of  ice  in  the  polar  regions,  the  pressure  of  the  blocks 
one  upon  the  other  gives  rise  to  similar  effects,  in  which  the  irre- 
sistible action  of  weight  again  shows  its  power.  Glaciers,  too— those 
rivers  of  hardened  snow  pressed  into  compact  ice — descend  the  slopes 
of  the  mountains  under  the  pressure  of  the  weight  of  the  upper 
strata.     This  movement  of  slow  progression  is  so  irresistible,  that 
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tlie  lateral  and  underl}riiig  rocks  are  striated  and  polished  by  the 
crystalline  mass,  and  by  the  d4hris  of  boulders  and  pebbles  which 
it  draws  along. 

In  volcanic  eruptions,  the  explosive  force  of  the  interior  gases 
often  sends  forth  into  the  air  cinders,  fragments  of  stone,  and  rocks. 
But  if  these  masses  thus  seem  to  escape  for  a  moment  from  the 
a/;tion  of  gravity,  the  strife  of  the  two  forces  is  not  of  long  duration, 
and  tlie  projectiles  obey  the  invincible  law  of  all  terrestrial  bodies. 
It  is  tliis  same  law  which  determines  the  fall  of  hail,  rain,  snow — 
that  is  to  say,  the  particles  of  aqueous  vapour  which  have  been 
r;otidefmed,  and  thus  rendered  heavier  than  the  stratum  of  the  air 
t^i  wliidh  tliey  rose,  under  the  combined  influence  of  heat  and  even 
— [xiniiloxical  as  it  niny  seem — of  weight  itselt 

Tims  ifiucli,  then,  concerning  the  faU,  properly  so  called,  of 
IkxHcs  of  whicli  the  equilibrium,  from  some  cause  or  other,  has 
IxMjn  (liHturlied.  But  there  is,  on  the  surface  of  our  planet,  qmte 
another  mjries  of  movements,  in  which  weight  plays  the  most  im- 
portant part,  and  the  continuity  of  which  produces  an  admirable 
circulation  on  our  planet,  without  which  life  itself  would  soon  be 
extinct. 

The  incessant  evaporation  of  liquid  masses  gives  rise  to  the 
formation  of  clouds,  and  it  is  the  difference  between  the  weight 
of  the  air,  and  of  the  particles  of  vapour  of  which  clouds  are 
formed,  wliicli  causes  their  ascending  movement.  Sain,  due  to  the 
fall  of  these  same  particles  when  liquefied,  falls  through  the  action  of 
tenestrial  gravity,  to  the  lowest  levels — forms  brooks  and  rivers,  and 
these  fluvial  masses  following  the  natural  slope  of  the  ground,  reach 
the  sea,  sometimes  flowing  '\\'ith  majestic  slowness,  at  other  times 
rushing  noisily  over  a  rugged  bed.  Sometimes,  stopped  by  natural 
obstacles,  the  waters  spread  themselves  in  the  form  of  lakes:  or 
else,  arriving  at  the  edge  of  a  wall  of  rocks,  flow  over  in  cascades. 
Such  are  the  falls  of  the  Rhine  at  Schaffhausen,  of  Niagara,  and 
the  Zambesi  cataracts  in  Central  Africa. 

Currents  are  not  peculiar  to  the  solid  portion  of  the  surface  of 
the  earth.  The  ocean  is  furrowed  with  real  rivers,  the  regular 
movements  of  which  are  determined  by  the  action  of  weight, 
although  their  origin  is  due  to  another  physical  agent — heat.  It  is 
also  weight  which  regulates  all  the  movements  of  the  atmospheric 
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gaseous  mass,  which  unites  its  restless  power  to  the  action  of  the 
other  natural  forces. 

In  conclusion,  there  is  no  action  on  our  planet  in  which  weight 
does  not  intervene  sometimes  to  establish  equilibrium,  at  others  to 
give  rise  to  motion.  Even  when  it  appears  to  be  destroyed  or 
counterbalanced,  it  is  still  at  work,  and  is  ever  present  wherever  a 
particle  is  found,  apparently  invariable,  and,  according  to  the  ideas 
experiment  has  given  us  of  matter,  as  indestructible  and  eternal  as 
matter  itself. 


10  PHYSICAL  PHENOMENA.  [book  i. 


CHAPTER  II. 

WEIGHT  AND   UNIVERSAL  GRAVITATION. 

Oomnuni  tendency  of  heavy  bodies  to  fall  towaids  the  centre  of  the  earth — Weight 
is  a  particular  case  of  the  force  of  universal  gravitation — All  the  particles 
of  the  globe  act  on  a  falling  stone  as  if  they  were  all  situated  in  the 
centre  of  the  earth— The  force  of  gravity  acts  beyond  the  atmosphere  even 
in  the  celestial  spaces :  the  sun,  planets,  stars — all  bodies — ^gravitate  towards 
each  other. 

A  LL  the  varied  aiid  numerous  phenomena  to  which  we  referred  in 
-^■^  the  previous  chapter  have  the  same  origin — a  fact  which  will 
become  more  evident  as  experimental  proofs  are  given.  All  are  due 
to  the  action  of  a  similar  cause,  or  force,  since  this  term  is  now 
given  to  every  cause  capable  of  producing  or  of  modifying  motion 
in  a  body  as  of  bringing  it  back  to  a  state  of  rest. 

What  the  essence  or  primordial  cause  of  this  force  is,  is  a  problem 
which  science  does  not  seek  to  solve :  it  confines  itself  to  studying 
the  effects  of  the  force  by  means  of  observation,  and  thence  to 
discover  the  law  which  regulates  them ;  and  in  this  we  shall  soon 
see  it  has  completely  succeeded.  The  direction  of  the  action  of 
weight,  that  is  to  say,  the  line  in  which  the  heavy  body  tends  to 
move  or  is  moved  when  it  meets  with  no  resistance;  the  point  at 
which  the  force  is  applied;  and,  lastly,  its  intensity  or  the  energy 
with  which  it  attracts  or  pulls  each  material  particle,  are  facts 
exactly  determined.  We  shall  recur  in  detail  to  them  in  the 
following  chapters. 

We  know  by  experiment  that  a  force  resides  somewhere,  that  it 
has  its  centre  of  action  in  a  given  place.  We  may  say  more :  we 
cannot  conceive  it  acting  without  a  material  body  to  act  upon. 
Where,  then,  is  the  centre  of  action  of  terrestrial  gravity  ?  It  is 
not  in  the  heavy  body  itself.      Indeed,  according  to  a  principle  of 
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paiamomit  importance  in  the  science  of  motion,  or  dyTiamics — the 
principle  of  inertia — a  body  cannot  put  itself  in  motion  when  it  is 
at  rest,  nor  of  itself  modiiy  its  movement  when  in  motion. 

It  is,  then,  outside  a  falling  body  that  ve  must  look  for  the  cause 
of  its  falL  We  are  so  accustomed,  &om  our  infancy,  to  see  all 
bodies  which  surround  ns  falling  under  the  action  of  weight,  or  in 
other  words  to  see  the  force  of  gravity  at  work,  that  the  question 
seems  to  be  on  idle  ona  But,  as  D'Alembert  has  said,  "  It  ia  not 
without  reason  that  philosophers  are  astonished  to  see  a  stone  fall, 
and  those  who  laugh  at  their  astonishment  would  soon  share  it 
themselves,  if  they  would  reflect  on  the  question." 

It  is  from  above  downwards,  in  the  vertical  of  any  place — that 
is  to  say,  in  a  line  uptight  or  perpendicular  with  r^atd  to  the  surface 
— that  all  bodies  lall,  and  it  is  in  the  same  direction  that  they  press 
on  their  supports.  Weight,  then,  we  see,  acts  as  it  were  from  the 
interior  of  the  earth;  and  since  for  points  at  short  distances  apart, 
the  verticals,  or  upright  lines,  at  these  points  seem  parallel,  it  may 
be  supposed  that,  instead  of  a  single  force,  there  exists  an  infinity 
of  forces,  all  acting  in  the  same  manner  and  in  the  same  direction. 
But  it  is  easily  seen  that  this  last  conclusion  is  not  exact. 

Weight,  or  gravity,  every^'here  acta  in  the  same  mamier.  In 
aU  places,  in  all  latitudes,  at 
the  equator,  at  the  poles,  in  the 
temperate  regions  of  the  world, 
its  influence  is  felt  always 
in  ft  direction  perpendicular  to 
tlie  horizon.  To  know  at  what 
point  of  our  globe  this  multiple 
action  is  concentrated,  we  must 
find  out  if  all  the  verticals  have 
a  single  common  meeting-place. 
Let  us  take  auy  one  of  the 
meridians  of  our  planet.  Each 
part  of  the  circle  wliicli  forms 
the  meridian  indicates  an  horizon,  f,o  i,_conTenr(nce  of  ih?  Tntici*  tonM>  uu 
and  the  line  iMjrpeudiciilar  to  this, 

or  the  vertical  of  the  place,  is  no  other  than  one  of  the  radii  of 
the  circumference,  that  is  to  say,  a  Hue  runuing  to  the  centre  of  the 


12  PHYSICAL  PHENOMENA.  [book  i. 


sphere.  Thus  all  verticals,  such  as  A  z,  Fig.  2,  though  apparently 
parallel  wheu  adjacent  ones  only  are  considered,  are  in  reality  con- 
vergent ;  they  are  directed  towards  the  centre,  c,  of  the  earth.  This 
is  only  a  first  approximation :  the  earth  not  being  exactly  spherical, 
but  flattened  at  the  poles  and  swelled  out  all  round  its  equatorial 
circumference,  the  verticals  of  the  different  latitudes  do  not  pre- 
cisely tend  to  the  same  point.  We  shall  observe  also  that  besides 
this  cause  of  deviation  there  exist  local  irregularities  which  render 
the  determination  of  the  real  centre  of  the  action  of  gravity  very 
complex.  But  from  our  present  point  of  view  these  different 
deviations  have  no  importance.  Let  us  now  register  this  first 
fundamental  result: 

All  bodies  have  a  tendency  to  fall  towards  the  centre  of  the  earth. 
Gravity  acts  on  them,  as  a  single  force  concentrated  in  this  point 

This  law  has  no  exception.  It  applies  to  bodies  placed  on  the 
surface  or  at  any  height  whatever  in  the  atmosphere ;  on  the  earth's 
crust,  or  in  the  deepest  mines,  observation  always  confirms  its  truth. 

This  convergence  of  all  falling  bodies  which  tend  towards  one 
point,  is  in  contradiction  with  a  popular  prejudice  still  prevalent 
Many  persons  when  they  are  told  that  the  earth  is  round,  and  that 
it  is  inhabited  on  every  part  of  its  surface,  cannot  conceive  how  at 
their  antipodes  the  inhabitants  of  the  planet  can  walk,  as  it  were, 
feet  uppermost,  and  how  material  bodies,  solid  or  liquid,  can  remain 
in  equilibrium.  By  reflecting  &  little  they  would  soon  see  that  the 
idea  of  above  and  below  is  quite  relative ;  that  on  a  sphere  in  space 
each  part  of  the  surface  is  equally  horizontal,  and  the  tendency  of  all 
bodies  towards  the  centre  of  the  sphere  well  explains  the  state  of  equi- 
librium which  exists  on  whatever  part  of  the  surface  they  are  placed. 

But  whence  comes  this  central  force  ?  Is  it  a  secret  property 
independent  of  matter  ?  Does  the  earth  alone  enjoy  this  mysterious 
power? 

These  important  questions  remained  imanswered  two  centuries 
ago,  since  which  time  Galileo's  experiments  on  falling  bodies, 
and  the  profound  speculations  of  Huyghens  on  the  principles  of 
mechanics,  enabled  the  genius  of  Newton  to  reach  the  general 
cause  which  produces  all  the  phenomena  of  gravity  on  the  surface 
of  the  earth  as  well  as  throughout  the  entire  imiverse.  Weight  is, 
in  fact,  a  particidar   case  of  a  force  at  work  in  all  parts  of  the 
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universe — the  force  of  universal  gravitation.  In  virtue  of  this  force, 
any  two  particles  of  matter  gravitate  or  fall  towards  each  other,  that 
is  to  say,  they  have  a  mutual  tendency  to  re-unite,  which  depends 
on  their  respective  masses  and  on  their  distance  apart.  Here  is  the 
law  of  this  dependence: — 

If  we  take  for  unity  the  force  which  draws  two  equal  masses, 
situated  at  a  unit  of  distance  apart,  towards  each  other,  if  one  of 
the  masses  be  doubled,  the  force  itself  will  be  doubled :  if  the  other 
mass  be  replaced  by  one.  three  times  greater,  the  force  will  be 
now  tripled,  and,  in  consequence,  will  be  six  times  greater  than  at 
the  beginning. 

If  now,  the  masses  remaining  the  same,  we  make  the  distance 
twice,  three  times,  four  times  less,  the  force  of  gravitation  will  be 
four,  nine,  sixteen  times  greater. 

Thus,  attraction,  or  gravitation — ^we  shall  use  this  latter  term  in 
preference  (discarding  altogether  in  future  the  term  weight,  which 
by  this  time  should  have  served  its  purpose),  because  it  supposes 
nothing  as  to  the  imknown  essence  of  the  force  itself — is  propor- 
tional  to  the  prodtu;t  of  the  masses,  and  varies  inversely  as  the  square^ 
of  their  distances. 

Such  is  the  fundamental  principle  of  which  the  phenomena  of 
weight  are  so  many  particular  manifestations.  It  was  not  an  easy 
thing  to  deduce  from  it  aU  the  consequences,  to  calculate  the  re- 
ciprocal actions  of  all  the  small  masses  composing  the  entire  bulk 
of  the  earth,  and  the  effect  resulting  from  all  these  combined  actions. 
Newton,  and  after  him  the  great  geometers  who  have  developed  his 
discovery,  D*Alembert,  Euler,  Maclaurin,  Lagrange  and  Laplace,  have 
devoted  themselves  to  this  task.  They  have  shown  that  a  spherical 
mass  of  homogeneous  matter  acts  on  an  exterior  point  in  the  same 
way  as  if  all  the  matter  were  concentrated  at  its  centre.  The  same 
thing  is  true  of  a  homogeneous  spherical  layer,  and  consequently  of 
a  series  of  strata  of  this  same  form,  the  density  of  which  continues 
to  increase  according  to  a  definite  law. 

Such  is  precisely  the  case  with  the  earth:  and  Newton  thus 
explains  how  the  direction  of  gravity  is  everywhere  vertical  to  the 

^  The  square  of  a  number  is  the  product  of  the  multiplication  of  the  number  by 
itself:  thus  9  is  the  square  of  3  ;  100,  the  square  of  10;  1,000,000  the  square 
of  1,000,  and  so  on. 
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surface,  or  the  straight  line  between  the  heavy  body  and  the  centre  of 
the  globe. 

A  body  situated  in  the  interior  of  the  earth  is  attracted  by  the 
mass  which  lies  beneath  it,  but  the  action  of  the  particles  of  the 
exterior  layer  destroy  each  other,  so  that  the  intensity  of  gravita- 
tion goes  on  diminishing  from  the  surface  to  the  centre.^  In  like 
manner,  this  intensity  diminishes  in  the  case  of  bodies  exterior  to 
the  earth,  in  proportion  as  their  distance  from  the  earth  increases. 

Thus,  then,  the  source  of  gravity  at  the  surface  of  our  globe  lies 
in  the  entire  mass  of  which  it  is  composed.  There  is  not  a  single 
particle,  however  small  it  may  be,  which  does  not  take  part  in  the 
general  action.  Nay,  more:  when  a  stone  falls,  at  the  same  time 
that  it  feels  the  influence  of  the  mass  of  the  globe  it  reacts  on  this 
globe  by  its  own  bulk :  the  two  bodies  come  together  by  gravitating 
one  towards  the  other.  The  motion  of  the  stone,  however,  is  alone 
perceptible,  as  its  mass  is  almost  nothing  compared  to  that  of  the 
earth.     But  more  of  this  presently. 

It  has  been  stated  that  gravitation  is  universal  Not  only,  indeed, 
does  it  govern  all  the  phenomena  of  terrestrial  gravity,  but  it  extends 
its  power  to  the  most  remote  parts  of  the  heavens.  The  moon  and 
the  earth  gravitate  reciprocally  towards  each  other,  and  they  both 
gravitate  towards  the  sun.  All  the  planets  of  our  solar  system 
continually  act  on  one  another,  and  on  the  inmiense  sphere  which 
shines  at  their  common  focus.  By  its  enormous  mass,  the  sun 
keeps  aU  of  them  in  their  orbits,  so  that  the  movements  of  all  the 
celestial  bodies  which  compose  the  system  are  mutually  balanced 
and  varied  under  the  influence  of  the  same  force  perpetually  acting 
in  each  of  them. 

We  have  endeavoured  to  give  elsewhere  *  an  idea  of  these  grand 
problems,  the  solution  of  which  is  the  triumph  of  science.     Let  us 

1  In  fact,  the  inttfOfiity  of  grayity  first  increases  from  the  snrfiGU^  to  a  distance 
from  the  centre  which  is  estimated  at  nearly  seven-tenths  of  the  radius ;  it  after- 
wards lessens  to  the  centre.  These  variations  are  due  to  this  fact,  that  the  con- 
centric layers  of  which  our  globe  is  formed  are  not  homogeneous ;  their  density 
increases  from  the  sur&ce  to  the  centre,  and  the  density  of  the  superficial  strata  is 
less  than  two-thirds  of  the  mean  density.  These  results  have  been  deduced  from 
pendulum  observations. 

*  "  The  Heavens :  an  illustrated  Handbook  of  PopuLir  Astronomy."  By 
A.  Guillemin.    Translated  by  Mrs.  Lockyer. 
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recall  only  two  proofs  of  the  existence  of  the  force  of  aniversal 
gravitation  in  the  celestial  spaces.  The  tides — those  periodical 
oscillations  of  the  sea — are  produced  by  the  action  of  the  masses 
of  the  moon  and  sun:  and  aerolites,  celestial  bodies  in  miniature, 
which  sometimes  fall  on  our  planet,  show  that  the  action  of  terrestrial 
gravity  is  capable  of  diverting  exterior  masses  from  their  orbits. 

The  most  recent  researches  in  stellar  astronomy  prove,  moreover, 
that  the  same  force  r^ulates  the  movements  of  the  mast  distant 
stara  The  double  stars  are  systems  of  suns,  situated  at  immense 
distances  from  our  globe,  and  revolving  round  each  other:  here, 
again,  it  is  certain  that  their  motions  are  effected  according  to  the 
same  laws  which  r^ulate  those  of  the  planets — laws  which  are 
a  direct  consequence  of  gravitation,  that  is,  of  their  weight 
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CHAPTER  III. 

LAWS   OF  ATTRACTION. — FALLING   BODIES. 

Fint  ezperimente  of  Ghdileo  on  fiAlling  bodies— Sqoal  velocity  of  bodies  falling 
in  vacuo— Vertical  direction  of  graTity — Deviation  from  the  vertical  due 
to  the  rotation  of  the  earth — Galileo's  inclined  plane  ;  Attwood's  machine ; 
Morin*s  machine :  laws  of  fidling  bodies — Inflaence  of  the  resistance  of  the 
nir  on  the  velocity  of  bodies  falling  through  the  atmosphere ;  experiments  of 
D<^sagalier. 

TT  is  recorded  of  Galileo  that  in  his  youth,  when  he  was  Professor 
-^  of  Mathematics  at  the  University  of  Pisa,  making  his  first  ex- 
periments on  the  fall  of  heavy  bodies,  he  wished  to  see  if  it  were 
true,  as  had  been  said  and  believed  from  the  time  of  Anstotle,  that 
the  unc([ual  velocity  noticed  in  different  bodies  falling  from  a  given 
height  was  due  to  their  unequal  weight,  or  if  it  depended  on  the 
nature  of  tlieir  material. 

It  was  from  tlie  top  of  the  famous  Leaning  Tower  of  Piaft  that 
he  made  tliese  experiments :  balls  of  different  metals — gold,  copper, 
lead — having  the  same  dimensions,  but  different  weights,  reached 
the  ground  at  nearly  the  same  instant :  a  ball  of  wax,  however, 
was  much  more  retarded. 

But  the  differences  in  the  times  of  falling  were  not  decided 
enough  to  be  attributed  to  the  inequality  of  weight,  so  that 
it  did  not  appear  probable  that,  as  held  by  many,  a  thing  twice  aa 
heavy  as  another  would  fall  twice  as  fast. 

Having  let  the  same  thing  fall  through  the  air  and  thion|^  water, 
he  proved  that  the  differences  between  the  times  of  their  respective 
falls  depended  upon  the  density  of  the  medium  through  which  they 
fell,  and  not  on  the  weights  of  the  falling  bodies  themselvea. 
Galileo  hence  concluded  that  it  is  to  the  resistance  of  the  air  we 
must  attribute  the  differences  in  the  time  of  fall  observed. 
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When  a  body  falls  through  air,  or  any  other  medium,  it  must 
constantly  displace  the  molecules  of  which  the  medium  is  composed, 
and  this  is  only  possible  by  communicating  to  them  a  part  of  its 
oA^Ti  movement.  Suppose,  then,  we  let  fall  at  the  same  instant  a 
ball  of  lead  and  a  ball  of  cork  of  equal  weight:  the  latter  loses 
more  of  its  own  movement  than  the  first  does  in  displacing  the 
same  quantity  of  air,  because  being  of  a  lighter 
substance  it  is  larger,  so  that  its  speed  is  naturally 
more  diminished.  The  difference  would  be  still 
more  perceptible  if  the  fall,  instead  of  being 
effected  through  the  air,  were  to  take  place  in  a 
dense  gas. 

Galileo's  discovery  has  since  been  exactly  con- 
firmed by  experiment,  and  the  honour  of  this 
confirmation  belongs  to  Newton. 

Take  a  long  glass  tube  furnished  at  both  ends 
with  two  frames  of  copper,  one  hermetically  closed, 
the  other  terminated  by  a  stopcock,  which  allows 
the  tube  to  be  adjusted  on  the  table  of  an  air-pump, 
an  instrument  by  which  we  can  carry  oflF,  or  exhaust, 
the  air  which  it  contains.  We  now  introduce  into 
one  end  of  the  tube  bodies  of  different  densities, 
such  as  small  pieces  of  wood,  metal,  feathers,  paper, 
cork,  &c.  After  exhausting  the  air  by  means  of 
the  air-pump,  and  turning  the  stopcock  to  prevent 
its  re-entrance,  we  turn  the  tube  quickly,  and  place 
it  in  a  vertical  position.  All  the  little  bodies  at 
once  quit  the  top  and  fall  together  in  the  direction 
of  the  axis  of  the  cylinder  (Fig.  4).  If  the  tube  be 
inverted  before  the  air  is  extracted,  the  unequal 
rate  of  fall  is  clearly  shown.  If  the  experiment 
l»e  repeated  several  times,  gradually  letting  the  air 
into  the  tube,  it  will  be  observ^ed  that  tliis  in- 
equality decreases  with  the  rarefaction  of  the  air 
in  the  tube.  When  the  vacuum  is  as  complete  as 
possible,  all  the  l)odies,  although  of  different  den- 
sities, reach  the  lower  part  of  the  instrument  at  the  same  time. 

It  is  then  tlie  resistance  of  the  medium  which  is  the  cause  of  the 
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unequal  rate  of  fall  of  bodies  more  or  less  heavy  or  more  or  less  dense. 
This  resistance  not  only  retards  the  motion,  but  also  produces  dela- 
tions in  the  direction  of  the  fall  of  the  lighter  bodies.  A  sheet  of 
paper,  for  instance,  thrown  into  the  air,  takes  a  cun'^ed  and  often 
very  irregular  flight  to  the  ground.  If  we  take  a  piece  of  money, 
a  penny  for  instance,  and  a  disc  of  paper  of  the  same  size,  and 
let  them  fall  separately  from  the  same  height,  the  money  will 
touch  the  ground  before  the  paper.  If  we  afterwards  place  the 
disc  on  the  penny,  and  let  them  fall  together,  both  will  touch  the 
ground  at  the  same  instant.  The  metal,  in  the  latter  case,  prevents 
the  resistance  of  the  air  at  the  lower  face  of  the  paper. 

What  has  just  been  said  of  solid  bodies  applies  equally  to  liquids 
and  gases.  A  mass  of  water  is  divided,  in  its  fall,  into  a  number 
of  very  small  drops,  the  formation  of  which  is  due  to  the  resistance  of 
the  air  and  the  mobility  of  the  liquid  particles.  This  division  is  very 
perceptible  in  jets  and  in  cascades  or  natural  sheets  of  water  which 
fall  from  great  heiglits.  If,  in  order  to  experiment  on  the  fall  of 
liquid  bodies,  we  use  a  tube  in  which  a  vacuum  has  been  made,  the 
water  will  be  found  to  fall  en  bloc  to  the  lower  part,  keeping  the 
cylindrical  form  of  the  vessel,  and  its  fall  produces  a  dry  noise — 
a  "  click,"  as  would  that  of  a  solid  body.  Such  a  tube  forms  what 
is  called  a  "  water  hammer."  Smoke  enclosed  in  a  similar  vacuous 
tube  also  falls :  it  is  thus  seen  that  gaseous  and  vaporous  bodies 
have  a  certain  weight. 

We  may  state,  in  passing,  that  the  resistance  of  the  air  to  the 
fall  of  bodies  is  a  fortunate  thing  for  agriculture,  which  already 
suffers  too  much  from  the  ravages  produced  by  haiL  Without  this 
resistance  the  smallest  rain  would  strike  the  surface  of  the  ground 
with  ever-increasing  force,  and  would  cause  great  damage. 

Here,  then,  is  one  point  gained,  and  the  first  law  of  falling 
bodies  proved : — All  bodies  situated  on  the  surface  of  the  earth, 
whatever  may  be  th^ir  volume  and  their  nuiss,  fall  in  vacuo  vnth 
e^cal  velocity. 

An  important  inference  may  Ije  at  once  drawn  from  this,  namely, 
that  the  force  of  gravity  acts  with  equal  energy  on  each  particle 
of  matter,  absolutely  as  if  each  of  the  particles  which  compose  a 
body  were  separate  and  independent.  Experiment  has  proved  to 
iLS  that  gravity  acts  in  the  same  way  on  all  bodies,  whatever  be 
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tlieir  volumes  and  densities,  whilst  the  weiijht  of  a  body  is  tlie  sum 
of  the  action  of  gravity  on  all  the  particles,  and  in  consequence 
it  varies,  either  with  the  volume,  for  homogeneous  bodies  of  the 
same  kind  of  matter,  or,  if  the  volume  changes,  it  varies  with  the 
density. 

Let  us  inquire  further  into  the  phenomena  of  the  fall  of  bodies 
on  the  earth's  surface. 

The  direction  of  gravity — and  this  is  a  fact  that  every  one  can 


prove  for  himself — is,  in  e^ery  part  of  the  eartli,  vertical ;  that  is, 
in  a  straight  line  perpendicular  to  the  plane  of  the  horizon. 
This  plane  may  be  determined  by  the  surface  of  still  water.  A 
very  simple  practical  way  to  assure  oneself  of  this  fact  is  to  observe 
the  position  that  a  flexible  thread  stretched  by  a  llea^•y  weight  takes 
when  the  thread  comes  to  rest,  after  many  oscillations.      Such  a 
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thread  is  called  a  plumb-line  or  plummet,  and  is  used  by  work- 
men who  wish  to  constnict  an  upright  building.  Placing  the 
plumb-line  above  a  liquid  mass  at  rest,  for  example  a  mercury 
bath,  it  is  easily  seen  that  tlie  direction  of  the  string  and  that  of  its 
image  are  in  the  same  straight  line  (Fig.  5),  and  consequently,  in 
virtue  of  the  laws  of  the  reflection  of  light,  which  we  shall  discuss 
ia  the  sequel,  both  are  perpendicular  to  the  horizontal  surface  of 
the  liquid. 

Tlie  different  verticals,  we  have  already  said,  are  not  parallel ;  but 
at  very  slight  distances  the  angle  wliich  they  form  is  so  small  that 
it  is  impossible  to  measure  it.  This  is  not  the  case  if  we  take  two 
places  on  the  earth  somewhat  distant  from  each  other:  in  this  case 
their  respective  verticals  can  be  measured  by  means  of  astronomical 
observ^ations.  If  the  two  places  are  on  the  same  meridian,  and 
have  the  same  geographical  longitude,  the  angle  of  the  verticals 
is  measured  by  the  difference  of  latitude.  The  difference  between 
the  directions  of  gravity  between  Paris  and  Dunkirk  is  thus  found 
to  l)e  alx)ut  2°  12',  between  London  and  Edinburgh  about  4°  25';  the 
vertical  which  passes  through  the  top  of  the  cross  of  St.  Paul's 
and  that  which  passes  through  the  flagstaff  on  Victoria  Tower 
make  but  a  very  small  angle  with  each  other.^ 

Hence  it  follows  that  the  waters  of  a  lake  or  of  a  sea  are 
l)ounded  by  a  surface  which  is  not  plane,  but  spherical,  or  rather 
spheroidal,  although  at  every  part  or  point  of  the  earth's  surface 
it  is  confounded  with  the  plane  of  the  horizon  of  the  place. 

We  must  therefore  understand  that  when  it  is  said  that  heavy 
bodies  fall  in  a  constant  direction,  which  is  that  of  the  vertical  of 
the  place,  this  constancy  implies  only  a  parallelism  of  fall  at  places 
very  near  together. 

Lastly,  let  us  add  that  the  rotatory  movement  of  the  earth 
produces  a  deviation  in  the  fall  of  bodies.     A  body  at  a  (Fig.  G), 

^  If  the  experiment  is  made  in  the  neighbourhood  of  a  very  high  mountain,  the 
plumb-line  is  deflected  from  the  vertical,  under  the  influence  of  the  attraction  of 
the  mass  of  the  mountain.  This  deviation,  always  very  slight,  was  first  measured 
by  Bouguer  and  Lacondamine,  on  the  side  of  the  Chimborazo.  In  1774  Dr. 
Maskelyne  measured  the  attractive  influence  of  Mount  Schelmllien,  which  he  found 
equal  to  about  12"  ;  that  is,  two  plumb-lines,  situated  on  either  side  of  the  mountain, 
instead  of  forming  between  them  the  angle  indicated  by  the  difference  of  ktitude 
of  the  stations,  formed  one  larger  by  J  2  j^econds. 
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situated  at  a  certain  IieigUt  in  the  air,  would  fall  at  the  foot  of  the 
vertical  at  A,  if  the  earth  was  immoveable.  But  during  the  time  of 
its  fall,  the  rotatory  movement  makes  it  describe  an  arc  a  a',  larger 
than  the  arc  A  a'  described  by  the  base  of  the  vertical.  Left  to 
itself,  it  retains  its  velocity  of  primitive  impulsion,  and  ought  to 
fall  at  A  to  the  east  of  the  lower  point.  Such  is  the  deviation  which 
the  theory  indicates,  and  which,  being  nothing  at  the  poles,  goes  on 
increasing  towards  the  equator.  Experiment  coufirms  the  reasoning : 
in  the  atmosphere,  however,  it  is  difficult  to  succeed  in  the  experi- 
ment, on  account  of  the  disturbances  in  the  air ;  but  it  can  be  proved 


that  a  metallic  ball  A  dropped  at  the  luoiitli  of  a  very  deep  mine, 
falls  at  b',  a  little  to  tlie  east  of  the  font  B  of  the  plumb-line  which 
marks  tlie  vertical.  The  deviation  depends  of  course  on  the  depth 
of  the  mine:  at  the  equator  it  is  3:i  millimetres  for  n  well  100 
metres  deep.  For  a  mine  at  Freiburg,  in  Saxony,  M.  Reicli  proved  an 
eastern  deviation  of  28  millimetres  at  a  depth  of  1585  metres,  theory 
indicating  266  millimetres.  It  is  evident, then, that  we  have  here  an 
experimental  proof  of  the  earth's  rotation.  . 

Galileo,  in  his  exjwriments  on  the  fall  of  lieavy  bodies,  did  not 
confine  himself  to  destroying  the  popular  fallacy,  which  was  still 
pre\-alent  in  his  time,  regarding  the  iuefpiality  of  the  velocity  of  fall 
being  attributable  to  the  difference  of  weight  or  to  the  density  of  the 
substances.  He  ol«en-ed  that  the  velocity  acqtiiied  increased  with 
rhe  heights  of  the  fall;  that  the  spaces  traversed  were  not  simply  pro- 
portional to  the  times  employed  to  traverse  them,— in  fact,  that  the 
fall  of  heavy  bodies,  instead  of  being  a  unifonn,  is  an  accelerated 
movement.     Such  an  ii.Hsertion  doubtless  hail  been  made  lefore  him. 
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hut  he  had  the  glory  of  discovering  the  precise  law  of  variation  of  the 
velocity  acquired  and  the  space  described.  Supposing  that  gravity, 
whatever  its  essence  might  be,  acted  always  with  the  same  force, 
he  concluded  that  the  velocity  acquired  ought  to  be  proportional 
to  the  time,  and  he  proved  his  hypothesis  by  a  celebrated  experiment, 
to  which  his  name  has  remained  attached.  This  was  the  inclined 
plane  of  Galileo.  The  rapidity  ^I'ith  which  heavy  bodies,  metallic 
Imlls  fur  instance,  travel  in  their  fall,  does  not  easily  allow  of  direct 
ob8er\'atioiL     But  Galileo  knew  that  a  heavy  body  left  to  itself  on 

a  plane  inclined  to  the  horizon, 
and  subjected  only  to  the  action 
of  gravity,  follows  in  its  move- 
ments the  same  laws  as  if  it  fell 
vertically ;    the    friction    of    the 

Fio.    7  -Movement  of  I,eavy  bodlen  on  au  l^^y    ^^   tllC     plaUC    and     tllC     l^e- 

sistance  of  the  air  during  the 
fall,  in  the  two  cases  being  disregarded.  The  force  which  draws 
the  IxmIv  down  the  inclined  plane  is  no  other  than  gravity, 
iliminiHJied  in  the  ratio  of  the  two  lines  AC  and  BC,  which  measui^e 
its  height  and  its  length. 

In  the  ca«e  represented  in  the  figure  the  force  of  graWty  is 
reduced  to  little  more  than  a  quarter  of  its  natural  value. 

The  movement  being  considerably  retarded  by  this  arrangement, 
Galileo  could  easily  measure  the  spaces  traversed  during  each  suc- 
cessive second. 

But  as  the  experiments  of  the  inclined  plane  do  not  give  results 
of  great  precision,  the  laws  of  falling  bodies  are  determined  at 
the  present  day  by  various  instruments  which  are  found  in  aU 
physical  laboratories,  and,  which  will  be  here  described.  Already, 
in  the  seventeenth  century,  Riccioli  and  Grimaldi  assured  themselves 
of  the  exactness  of  Galileo's  experiments,  but  they  confibned  them- 
selves to  dropping  a  weight  from  the  tops  of  towers  of  imequal 
heights,  and  measuring  the  times  of  the  fall  by  the  oscillations 
of  the  pendulum.  In  1699  Father  Sebastian  invented  a  machine 
for  the  same  purpose.  Lastly,  an  English  physicist,  Attwood, 
constructed  one  which  still  bears  his  name :  and  in  our  time 
General  Morin  has  invented  another,  which  registers  directly  the 
results  of  the  experiment. 
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The  plan  invented  by  Attwood  to  retard  the  movement  of  falling 
bodies  is  this :  a  veiy  fine  silken  thread  is  passed  round  a  wheel 
(Fig.  8),  moving  easily  on  friction  rollers,  the  thread  having  at 
its  two  extremities  metallic  cylinders  of  exactly  the  same  weight. 
In  this  state,  the  pulley,  the  line,  and  the  weights  remain 
at  rest,  because  the  two  equal  weights  produce  equilibrium.  If 
an  additional  weight  is  placed  on  one  of  them,  the  system  will 
be  put  into  motion:  the  two  portions  of  the  line  will  be  moved 


in  an  opposite  direction,  each  'still,  liowever,  keeping  its  vertical 
direction.  But  it  will  be  at  once  seen  that  the  speed  of  the  fall 
will  be  the  more  retarded,  as  the  additional  weight  is  small  com- 
pared with  the  sum  of  the  two  equal  weights.  Let  us  suppose 
that  each  of  these  weighs  12  grammes,  and  the  additional  one 
weighs  1  gramme  only.  The  total  weight  of  25  grammes  being 
put  into  motion  by  a  force  which  is  only  a  tweuty-fifth  jmrt,  it  is 
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clear    that   the 


a  falling  body  would 
possess  if  the  inteu- 
aity  of  gravity  were 
twenty-five  times  less. 
Observation  is  thus 
rendered  easy,  witli- 
out  disturbing  the 
laws  of  motion. 

Fig.  9  sliows  the 
arrangement  of  the 
machine.  At  the  top 
of  a  column  a  pulley 
is  seen,  the  axle  of 
which  rests  on  two 
systems  of  parallel 
M-heels  (friction  roll- 
ers— see  Fig.  8) ;  then 
the  line  which  passes 
round  the  pulley  is 
stretched  by  equal 
weighta  on  either  side. 
A  vertical  scale,  care- 
fully divided,  is  placed 
behind  one  of  the 
weights,  on  which 
scale  the  distance 
from  the  base  of  the 
weight  to  the  zero  of 
the  scale,  that  is,  the 
point  of  departure  of 
the  weight,  may  be 
read  in  each  of  its 
jx>sitions. 

This   scale  has  two 

moveable  plates,  which 

can  be  fixed  by  screws 

at  any  of  its  divisions. 

The  lower  plate  simply  arrests  tlie  movement  of  the  system  at  will. 
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The  other  jJate  is  in  the  fonix  of  a  ring,  and  the  oi>ening  is  large 
enouglx  to  allow  the  weight 
suspended  to  the  line  p  to 
pass  through,but  on  the  other 
hand  stops  the  additional 
weight  p  on  account  of  its 
elongated  form.  Ajienduluni 
Ideating  seconds  is  added : 
each  movement  of  the  second- 
hand makes  a  clear  sharp 
noise,  by  means  of  which 
the  passing  seconds  can  be 
counted  without  looking  at 
the  dial.  A  contrivance  at- 
tached to  the  clock  enables 
each  experiment  to  begin  at 
the  precise  instant  when  the 
seconds'  hand  is  at  the  zero 
of  the  dial,  at  the  upper  j)art 
of  the  latter.  The  additional 
weight,  first  jilaced  above 
the  weight  which  occupies 
the  division  0  of  tlie  ver- 
tical scale,  is  suddenly  let 
go  by  the  action  of  the 
mechanism,  and  motion 
begins. 

The  exjieriments  are  per- 
formed in  this  way:  Place  the 
lower  plate  in  sucli  a  j)lace  on 
the  column  that  the  cylindri- 
cal weight  surmoimted  with 
t!ie  weight  p  will  touch  it 
IJTecisely  at  the  commence- 
ment of  the  second  second, 
which  is  determined  by  the 

coincidence  of  the  second  beat  of  the  pendulum  with  tlie  click  of 
the  weight  on  the  plate.    Suppose  this  point  be  at  the  twelfth  division 
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of  the  scale  (Fig.  10).  It  is  then  observed,  in  conducting  this  opera- 
tion successively  during  two,  three,  four  seconds,  &c.  that  the  lower 
plate  must  be  at  the  following  divisions,  in  order  that  the  click 
of  the  weight  coincides  each  time  with  the  successive  beats  of 
the  clock.  These  divisions  are  marked  by  the  numbers  48,  108, 
192,  &c. 

Thus  the  spaces  described  are: — 

After  1  second 12  ceDtlmetres. 

„      2  seconds 48  „             =  12  X  4 

„     3       „  108          „             -  12  X  9 

„     4      „  192          „             =  12  X  16 

,.5       „  3tX)           „             =  12  X  26 


• 


The  space,  then,  through  which  a  falling  body  travels,  must  be 
multiplied  by  the  numbers  4,  9,  16,  25  ....  to  obtain  the  space 
described  during  2,  3,  4,  5  ...  ,  seconds  of  fall.  If  the  additional 
weight  be  changed,  the  numbers  which  measure  the  spaces  traversed 
in  each  second  would  change :  their  ratio,  however,  would  still  re- 
main  the  same. 

Here,  then,  is  the  first  law,  the  one  discovered  by  Galileo: 

The  space  described  by  bodies  falling  freely  wider  the  a^^timi  of 
gi'avity  is  proportioTial  to  the  square  of  the  tivie  elapsed  from  tlie 
beginning  of  the  fall. 

It  remains  for  us  now  to  determine  the  law  of  velocity — that  is, 
to  learn  what  is  the  speed  acquired  after  1,  2,  3  ...  .  seconds  of 
fall.  Whilst  the  body  which  falls  remains  subject  to  the  action  of 
gravity,  this  velocity  goes  on  increasing  at  each  instant  during  the 
fall,  and  cannot  in  consequence  be  directly  observed.  To  render  this 
determination  possible,  the  continuous  action  of  gravity  must  be 
suppressed  at  the  moment  the  following  second  begins,  so  that  the 
body  may  continue  to  move  uniformly,  and  in  virtue  of  the  acquired 
velocity  alone. 

It  is  important  to  understand  what  is  meant  by  the  velocity  of  a 
body  which  falls,  or,  to  speak  generally,  which  is  endowed  with  an 
accelerated  motion.  This  velocity  of  motion  at  a  given  moment 
is  measured  by  the  space  through  which  the  body  would  travel 
uniformly  in  each  of  the  following  seconds  if  the  force  ceased  to 
act,  and  the  motion  ceased  to  be  accelerated.     The  ring  of  Attwood  s 
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machine  realizes  this  hypothesis.    It  is  sufficient  to  fix  it  successively 

at  the  divisions  that  were  shown  in  the  first  experiment,  then  to 

find  by  trial  at  which  part  of  the 

scale  the  lower  plate   must  be  in 

onler  that   the  weight,  relieved  of 

its  ovem^eight,  may  strike  it  at  the 

beginning  of  the  following  second. 

The  ex|)eriment,  supposing  that  /? 
has  the  same  mass  as  7/,  will  give 
the  following  numbers:  36,  96,  180, 
&c.  (see  Fig.  11).  Hence  it  follows 
that  the  uniform  velocity  of  falling 
Ixxlies,  acquired  after  1,  2,  3  ...  . 
seconds  of  fall,  is: 

After  1  second  .     24  centimetres  per  second. 
2  seconds.     48 
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Tlie  velocity  goes  on  increasing  in 
proportion  to  the  time;  the  second 
law  which  governs  the  fall  of  heavy 
bcxlies  mav  then  l)e  thus  enun- 
ciated : — 

When  a  heavy  hod  7/  fa  lis  frcchf 
vnder  the  action  of  gravity,  its  speed 
is  accelerated:  its  velocity,  at  any 
mament  of  the  fall,  is  proportional  to 
the  time  elapsed  since  the  coiUTmncr- 
nunt  of  moti<jn. 

It  follows  also  from  the  same  ex- 
periments that  the  velocity  acquired 
after  one  second  of  fall  carries  the 
l»ody  through  double  the  space  passed 
through  during  the  first  second ;  and 
it  is  easily  seen  that  this  is  indepen- 
dent of  the  unit  of  time  chosen. 

Tlie  same  laws  are  proved  experimentally  by  means  of  the 
machine  invented  by  M.  Morin,  of  which  Fig.  12  gives  a  general 
view.     A  weight  of  a  cylindro-conical  form  descends  freely  along  two 


Fio.  11.— Expcrimentftl  study  of  falling 
bodies.     Law  uf  velocity. 


P/irSICA  L  P/fKXO.VK.VA . 


[b: 


vertical  rods:    it   is   fnniisheJ  with  a  pencil,  whicli   marka   a  coii- 
tinuoiia  line  on  a  cylinder  covered  with  a  sheet  of  paper. 

If  the  cylinder  were  immoveable,  the  line  marked  by  the  weight 
during  its  fall  would  be  a  straight  vertical  line,  which  would  indi- 


cate nothing  as  to  the  spaces  traverseti  during  successive  seconds. 
But  the  cylindrical  cfllumn  is  made  to  turn  uniformly  on  its  axis 
by  the  aid  of  a  system  of  toothed  wheels  moved  by  the  descent  of  a 
weight,  and  uniformity  of  rotation  is  produced  by  a  fan -regulator, 
the  spindle  of  which  is  connected  with  the  train.  Owing  to  this 
motion  of  the  cylinder  under  the  jiencil  in  its  descent,  the  pencil 
traces  a  curve,  and  an  examination  of  this  cuive  shows  ua  the  law 
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which  governs  the  spaces  described  by  the  body  during  each  second 
at  different  parts  of  its  fall 

The  curve  is  what  is  called  in  geometry  a  parabola,  the  funda- 
mental property  of  which  is  as  follows:— The  dist^ances  of  the 
successive  points  of  the  curve  from  a  line  drawn  perpendicular 
to  the  axis  of  the  parabola  from  its  vertex,  are  proportional  to 
the  stjuares  of  the  distances  of  these  points  from  the  axis  itself. 
The  line  perpendicular  to  the  axis  l)eing  divided  into  five  equal 
parts,  the  five  distances  from  tlie  vertex  to  the  points  of  division, 

0,  1,  2,  3,  4,  5,  will  be  in  the  ratio  of 

1,  2,  3,  4,  f),  but  the  five  vertical  lines 
let  fall  from  the  diWsions  will  l)e  in  the 
ratio  of  1,  4,  9,  16,  and  25,  that  is,  proix)r- 
tional  to  the  square-s  of  the  first  numbers. 

Now  the  cylinder  having  turned  uni- 
formly on  its  axis,  the  equal  portions  of 
the  circumference  which  separate  the 
points  of  division  of  the  horizontal  line 
mark  the  successive  seconds  of  fall  of  the 
weight,  and  the  vertical  lines  are  the  spaces 
traversed. 

As  to  the  law  of  velocities,  it  is  n 
direct  consequence  of  that  of  spaces. 

It  must  not  l)e  imagined  that  the  ma- 
chines descril)ed  give  results  of  mathematical  exactness.  There  are 
many  hindmnc^s,  such  as  the  friction  of  the  parts,  and  the  resistance 
of  the  air,  which  are  opposed  to  such  iT'sults ;  }>ut  the  differences 
which  arise  from  them  are  very  sliglit. 
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Fu:.  l.'t. — ParaT>ola  dcHorlbe*!  by  the 
weight  in  its  fall. 


Tlie  experiments  made  by  means  of  Attwood's  machine  show 
moreover  that  gravity  acts  on  tlie  falling  IkhIv  in  a  continuous 
and  constant  manner.  For  the  spaces  travei*sed  during  successive 
seconds  may  be  represented  by  the  odd  numbers  1,  3,  5,  7,  9,  &c. ; 
and  as  the  velocities  acquired  at  the  commencement  of  the  second 
second  are  2,  4,  0,  8,  10,  &c.  it  is  seen  that  there  is  a  constant 
difference,  precisely  equal  to  the  space  traversed  during  the  first 
second.  This  difference  marks  the  continuous  action  of  gravity 
which,  added  to  the  acquired  velocity,  produces  the  effects  obsen-ed. 
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Again,  it  is  seen  that  if  a  body  is  thrown  up  vertically,  the  height 
to  which  it  rises  depends  on  the  amount  of  force  exerted, — moreover, 
its  velocity  decreases, — and  when  it  descends  under  the  action  of 
gravity,  its  increasing  speed  at  each  point  along  its  path  is  precisely 
equal  to  that  which  it  possessed  at  the  same  point  during  its 
ascent. 

The  experiments  made  by  the  aid  of  Galileo's  inclined  plane 
and  Attwood's  machine  ai*e  founded  on  an  artificial  diminution  of 
the  intensity  of  gravity,  which,  without  changing  the  laws  which 
govern  their  fall,  retards  tlie  motion  of  falling  bodies.  But  precisely 
on  this  account  they  do  not  enable  us  to  measure  the  actual  space 
traversed  during  one  second  of  fall ;  and,  moreover,  the  experiments 
must  be  made  in  vacuo.  M.  Morin's  muliine  would  give  this  space 
approximately,  but  the  result  would  re  piire  corrections  for  friction 
and  the  resistance  of  the  air.  We  shall  see  further  on  that  the 
exact  space  has  been  determined  by  a  more  precise  method. 

The  intensity  of  tlie  force  of  gravity,  moreover,  we  shall  soon 
see,  is  not  rigorously  constant :  it  varies  with  the  place,  according  to 
latitude,  and  even  with  the  local  features  of  the  terrestrial  crust. 
I^astly,  in  the  same  place,  the  intensity  varies  with  the  height 
above  the  ground,  or  with  the  depth  beneath  it. 

It  must  be  borne  in  mind  that  the  following  figures  refer  to 
the  fall  of  bodies  in  vacuo,  in  the  latitude  of  London,  and  at  a 
little  distance  from  the  sea-level. 

Under  these  conditions,  a  body  travels  during  the  first  second 
of  its  fall,  16tV  feet.  The  velocity  acquired  after  one  second  is 
then  32^  feet,  and  it  is  this  latter  number  which  enables  the 
force  of  gravity  to  be  ascertained. 

Fall  in  1  second  «  1  X  ir>T'jj  =  16^ 

„  2  seconds  =«  4  X  16^  =  fi4^ 

„  3       „  =  9  X  \6^  =•  144,\ 

„  4       „  =  16  X  16^  =.  257t^ 

„  5       „  «  25  X  16^  =  4t>2,V 

The  time  that  a  body  takes  to  fall  from  a  certain  height,  and 
the  velocity  acquired  at  the  moment  it  touches  the  ground,  may 
also  be  found  in  like  manner. 

In   the    case   of   a   falling   body  the   velocity  is   uniformly  in- 
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creased  by  gravity ;  in  the  case  of  an  ascending  one  it  is  uniformly 
decreased. 

To  throw  a  body  to  a  vertical  heiglit  of  400  feet  we  must  give  it 
a  velocity  of  161  feet  per  second.  This  Inxly,  then,  takes  5  seconds 
to  ascend,  and  it  would  descend  in  the  same  time. 

Let  us  repeat,  in  order  that  the  reader  may  not  imagine  that 
the  above  numbers  are  found  to  be  rigorously  true  in  practice,  that 
the  resistance  of  the  air  is  an  element  which  much  influences  the 
movements  of  rising  or  falling  bodies,  and  that  the  ratio  of  their 
weight  to  the  surface  which  they  offer  to  this  resistance  makes  the 
result  vary.  The  experiment  made  by  a  physicist  of  tlie  eighteentli 
century,  D(5saguliers,  before  Nevii/on,  Halley,  Deriiam,  and  many 
others,  may  here  be  refen-ed  to.  Having  dropped  from  the  lantern 
above  the  dome  of  St.  Paul's  diflerent  bodies,  such  as  leaden 
balls  2  inches  in  diameter,  and  bladders  filled  with  air,  of 
5  inches  in  diameter,  he  found  that  the  lead  took  4J  seconds  to  fall 
tlurough  272  feet,  the  height  of  the  lantern  above  the  ground ;  and 
that  the  bladders  took  18J  seconds.  Now,  in  vacuo,  the  space  woidd 
have  been  passed  through  by  both  bodies  in  4J  seconds. 

As  the  resistance  of  the  air  increases  with  the  velocity  of  the 
fall,  it  is  clear  that  bodies  wliicli  fall  from  a  great  lieight,  after 
having  acquired  a  certain  speed,  finisli  their  descent  with  a  uni- 
form movement.  It  has  been  calculated  that  a  droj)  of  water,  the 
volume  of  which  would  be  about  the  -nrgxro'oDTnrgth  of  a  cubic  incli, 
would  fall  through  perfectly  calm  air  with  a  constant  velocity  of 
5  inches  a  second,  so  that  it  would  not  travel  more  than  25  feet 
in  a  minute.  This  explains  the  relatively  small  velocity  of  rain- 
droi)S,  in  spite  of  the  considerable  height  of  the  clouds  from  which 
they  fall. 


D 


PHYSICAL  PHENOMENA.  [bck>k  i. 


CHAITEK    IV. 

LAWS   OF   GRAVITY. — THE   PENDULUM. 

The  Pendulum — Galileo's  observations  -Defiuitiou  of  the  simple  pendulum — Iso- 
chronism  of  oscillations  of  small  amplitude — Relation  between  the  time  of 
the  oscillations  and  the  length  of  the  pendulum — Variations  of  the  force  of 
gravity  in  different  latitudes — Borda's  pendulum— Lengths  of  the  pendulums 
which  beat  seconds  in  London,  at  the  equator,  and  at  the  poles — Calculation 
of  the  oblateness  of  the  earth — Experiments  proving  that  the  density  of  the 
e:irth  increases  from  the  surface  to  the  centre. 

"VTEWTON,  seated  one  day  in  his  garden  at  Woolstrop,  saw  an 
•^^  apple  break  off  from  the  branch  of  a  tree,  and  fall  at  his  feet. 
It  was  this  simple  circumstance  which  suggested  to  him  his  pro- 
found researches  oh  the  nature  of  the  force  of  gravity,  and  which 
made  him  ask  whether  this  mysterious  action,  to  which  all  terres- 
tried  bodies  are  subjected,  whatever  their  height  in  the  atmosphere, 
whether  at  the  bottom  of  valleys  or  at  the  top  of  the  highest 
mountains,  did  not  extend  even  to  the  moon.  Thanks  to  the 
meditations  of  this  great  genius,  we  had  not  long  to  wait  for  the 
solution  of  this  grand  problem :  but  it  was  not  till  twenty  years 
later  that  the  edifice  of  which  Kepler,  Galueo,  and  Huyghens  had 
prepared  the  foundation,  which  the  successors  of  Newton  finished, 
and  which  bears  this  triumphant  superscription — "  Universal  Graia- 
tation," — was  at  last  constructed  in  its  majestic  beauty. 

Is  this  anecdote,  repeated  by  all  biographers  of  the  great  man, 
really  true  ?  It  matters  little :  the  essential  point  is  that  it  is 
probable.  But  we  should  be  mistaken  if  we  imagined  that  it  was 
of  a  nature  to  diminish  the  glory  of  the  philosopher.  Such  things 
hfld  happened  millions  of  times  before,  to  his  ancestors  and  to  his 
contemporaries.      Such   a   fact  as  the   fall   of  an   apple  could  only 
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excite  such  thoughts  in  a  mind  capable  of  the  highest  specula- 
tions, and  moved  by  a  will  powerful  enough  to  be  always  thinking 
them  out. 

It  was  a  similar  occurrence  which  caused  Galileo  to  undertake 
his  researches  on  the  motion  of  the  pendulum.  He  was  then  pro- 
fessor at  Pisa,  and,  as  we  have  before  stated,  was  studying  the  laws 
of  falling  bodies.  "  One  day,"  we  read,  "  while  present  at  a  religious 
ceremony  in  the  cathedral — ^paying,  however,  it  would  seem,  very 
little  attention  to  it — he  was  struck  by  a  bronze  lamp— a  chef- 
(Tauvre  of  Benvenuto  Cellini — which,  suspended  by  a  long  cord, 
was  slowly  swinging  before  the  altar.  Perhaps,  with  his  eyes 
fixed  on  this  improvised  metronome,  he  joined  in  the  singing. 
The  lamp  by  degrees  slackened  its  vibration,  and,  being  attentive 
to  its  last  movements,  he  noticed  that  it  always  beat  in  the  same 
time."  * 

It  was  this  last  observation  which  struck  Galileo.  The  lamp, 
when  the  motion  had  nearly  ended,  described  smaller  and  smaller 
arcs  through  the  air,  the  period  of  swing,  however,  remaining 
the  same.  The  able  Italian  philosopher  repeated  the  experiment, 
and  discovered  the  connection  which  exists  between  the  period  of 
oscillation  and  the  length  of  the  cord  supporting  the  oscillating 
weight.  Huygliens  completed  this  beautiful  discovery,  and  gave  the 
mathematical  law  of  the  motion  of  the  pendulum.  Let  us  try  to 
give  an  idea  of  this  law,  and  show  how  it  is  connected  with  the 
theory  of  gravity. 

Imagine  a  material  and  heavy  point  m'  (Fig.  14)  suspended  to  one 
of  the  extremities  of  an  inextensible  line  without  weight.  These 
are  conditions  which  cannot  be  realized  in  practice,  but  they  are 
accessible  in  theory.  The  line  being  fixed  by  its  upper  end,  the 
action  of  gravity  on  the  material  point  m'  stretches  the  line  in  the 
vertical  direction,  and  the  system  will  remain  at  rest. 

Let  us  now  suppose  that  the  string  is  moved  out  of  the  vertical, 
stiU  being  kept  tight  and  straight,  and  is  then  abandoned  to  itself 
in  a  vacuum.    What  will  happen  ? 

The  action  of  gravity  in  the  new  position  in  M  continues  to  act 
on  the  material  point :   but  as  this  force  always  acts  in  a  vertical 

*  J.  BprtninH,  **  Galileo  an.l  his  Works." 
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di»HH*tiou.  rtiul  lU*  the  striiijj  is  no  longer  in  that  line,  the  resistance 
t»r  tho  hit  lor  cannot  couiph^Uily  annul  the  force  of  gravity. 

Tlio  nuitorial  jnunt.  U»ing  attracted,  will  then  fall;  but  as  the 
striuu  iJ*  inoxtonsihh\  thi»   fall  c^n  only  be   eflected   along   an   arc 

of  the  circle  having  its  centre  at  the 

f  )H>int  of  suspension  a,  and  its  radius 

\  the  length  of  the  string  am.     It  is  as 

if  the  ix>int  were  on  an  inclined  plane, 

with  its  summit   at   M,   and   with  an 

inclination  gradually  l^ecoming  smaller 

X  hihI   smaller.     Calculation   shows  that 

the  movement  will  l«  effected   with 

inexeasiiig\>5locity,  until  die  time  when 

the  string  will   have  returneil   to  its 

vvitii^U  iHisition ;  then,  by  virtue  of  its 

ai^juired  sjxjed,  it  will  deseriUe  an  arc 

^sju^^l  to  iho  tiisl.  bui  w  itii  dtvre^isiug  velocity.     Arrived  at  M%  at  the 

jiK^mo  W\^ht  ,^^  tho  iH»int  M,  its  motion  will  cease.     It  will  hf  easily 

^^hWx^lvHHl   thAt   the   material   point  will  recommence  a  moTsnent 

xuuxUtx  and   jH^rfeotly  equal  to,  the  first,  as   the  circumstances  are 

Ou^  5U%uu\  b\it  in  the  contrary  direction.     This  would  be  peipetual 

uu^ion,  if  tlie  supiK)sed  conditions  could  be  fulfilled. 

The  ideiil  instrument  we  have  just  described  is  called  the 
iH^ndulum — the  simple  pendulum,  in  contradistinction  to  the  real 
b\it  oompound  pendulums,  wliich  may  be  actually  constnicted  and 

oUsorved. 

Tlio  whole  movement  from  M  to  m"  is  called  a  swing  or  an 
oscillution,  and  its  duration  or  period  is  obviously  the  time  that 
the  o])ject  takes  to  make  the  entire  oscillation.  It  is  scarcely 
iKU'oHsary  to  state  that  the  perpetuity  of  the  oscillations  or  of  the 
niovcment  of  the  pendulum  is  purely  theoreticaL  In  reality,  many 
causes  exist  which  by  degrees  destroy  the  motion,  and  end  by 
Mtc^pping  it.  The  suspended  body  is  not  only  a  material  point,  but 
generally  a  metallic  lens-shaped  disc  or  ball.  The  rod  is  itself 
often  large,  and  the  resistance  of  the  air  destroys  part  of  the  motion 
of  the  pendulum  at  each  oscillation.  Let  us  add  to  these  causes 
of  retardation  the  friction  of  the  knife-edge  on  the  plane  of  sus- 
pension.     Nevertheless,   the    laws   of  the   simple   pendulum   have 
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been  successfully  applied  to  the  oscillations  of  compound  pendu- 
lums, and  the  resistances  which  necessarily  proceed  from  the 
relative  imperfection  of  the  pendulums  have  been  taken  into 
account  with  every  possible  precision.  These  laws,  which  it  is 
so  important  to  understand,  and  which  have  made  the  pendulum 
the  best  instrument  for  the  measurement  of  time;  the  most  precise 
indicator  of  the  irregularities  which  the  terrestrial  spheroid  presents; 
and  a  scale  by  the  aid  of  which  the  density  of  our  planet  and  of 
all  the  bodies  of  our  solar  system  can  be  weighed,  may  now  be 
stated. 

The  first  law  is  that  discovered  by  Galileo  from  observation : 
it  is  as  follows : — '*  The  time  of  very  sfinall  oscillations  of  one  and  the 
same  pendvXum  is  independent  of  their  amplitude ;  the  oscillations  are 
isochronous — that  is  to  say,  they  are  all  performed  in  the  same  time" 

By  small  oscillations  must  be  understood  those  the  angle  of 
which  is  less  than  four  degrees.  Within  this  limit  the  oscillations 
of  greater  amplitude  are  made  in  a  very  little  longer  time  than 
the  others,  but  the  difference  is  very  slight,  and  it  is  not  until 
after  a  great  number  of  oscillations  that  all  the  little  differences 
of  which  we  speak  become  perceptible. 

It  is  theory,  then,  wliich  demonstrates  the  isochronism  of  pen- 
dulum oscillations.  But  the  law  is  easily  verified  by  experiment. 
If  we  carefully  count  a  considerable  number  of  oscillations,  and  by 
a  good  chronometer  measure  the  number  of  seconds  elapsed,  these 
two  numbers  obtained  give,  by  simple  division,  the  time  of  one 
oscillation,  which  will  be  found  to  be  the  same  either  at  the  begin- 
ning or  at  the  end  of  the  experiment. 

Tliis  equality  in  the  time  required  for  passing  through  unequal 
distances  under  the  influence  of  a  constant  force  aj^pears  singular  at 
first  sight ;  but  on  reflecting  a  little  it  will  be  understood,  without 
further  demonstration,  that  in  the  case  of  greater  amplitude  the 
pendulum  conmiences  its  swing  in  a  direction  more  out  of  the 
vertical;  the  force  of  gravity,  therefore,  gives  it  greater  velocity, 
by  the  help  of  which  it  soon  makes  up  for  the  lead  which  a  similar 
pendulum  would  have  in  describing  an  arc  of  less  amplitude. 

The  second  law  which  governs  the  motion  of  the  pendulum 
establishes  a  relation  between  the  time  of  the  oscillations  and  the 
length  of  the  i)endulum. 
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Let  us  imagine  a  series  of  pendulums,  the  smallest  of  which 
beats  seconds,  the  others  perfonning  their  oscillations  in  2,  3,  4 .  .  . 
seconds  respectively.  The  length  of  these  last  would  be  4,  9,  16  .  .  . 
times  greater  than  the  length  of  the  first :  the  times  following  the 
series  of  the  simple  numbers,  the  lengths  following  the  series  of 
the  squares  of  these  numbers.  This  is  expressed  in  a  more  general 
manner  by  saying  :  The  periods  of  oscillation  of  pendulums  are  in  tJie 
direct  ratio  of  tlie  square  roots  of  their  lengths. 

Theory  and  observation  agree  in  demonstrating  this  important 
law:  but  since  we  speak  of  experimental  verifications,  and  since 
we  know  that  it  is  impossible  to  realize  a  simple  pendulum,  it  is 
time  to  state  how  the  laws  of  this  ideal  pendulum  are  ai)plied  to 
the  real  or  compound  pendulums. 

Pendulums  of  this  kind  are  ordinarily  formed  of  a  "bob,"  or 

spherical   ball   of  metal,  with    a   rod   adjusted 
•  I      ^'^  ^^^  direction  of  the  centre  of  figure  of  the 

B  ■  ■  sphere  or  of  the  bc^b.     This  rod  is  fixed  at  its 

Jl  upper  part  into  a  sharp  metal  knife-edge,  which 

"""  rests  on  a   hard  and  polished   plane  (Fig.  15). 

Such    are   the    pendulums    the    oscillations    of 
which  control  the  motion  of  clocks. 

In  such  a  system,  what  is  understood  by 
the  length  of  the  pendulum  is  not  the  distance 
from  the  point  of  suspension  to  the  lower  ex- 
tremity of  the  heavy  body,  but  the  approximate 
distance  between  this  point  and  the  centre 
of  figure  of  the  ball,  when  the  rod  of  the  pen- 
dulum is  thin  and  the  ball  is  made  of  very 
dense  metal — platinum,  for  example.  This  last 
point  then  takes  the  name  of  centre  of  oscillation. 
We  will  show  the  reason  for  this  fundamental 
distinction. 

In    a   simple   pendulum   there   is   only    con- 
sidered to  })e  one  material  point;  in  the  coni- 
ix)und  jiendulum  their  number,  whether   in  the 
rod    or  in   the  ball,   is   infinite.      It   is   as  if  there  were  a  series 
of  simple    pendulums   of  different  lengths    compelled   to    execute 
their  movements  together.      Their  most  distant  particles  find  their 


Fio.   T^— Coiiipouiid 
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movement  accelerated ;  contrariwise,  it  is  retarded  in  the  case  of 
those  nearest  the  point  of  suspension.  Between  these  extremes 
there  is  one  particle,  the  duration  of  whose  oscillations  is  precisely 
equal  to  those  of  a  simple  pendulum  of  equal  length.  Calcula- 
tion makes  us  acquainted  with  the  positions  of  this  particle — that 
is  to  say,  the  point  which  we  have  just  termed  the  centre  of 
oscillation. 

Let  us  now  try  to  understand  how  it  is  possible,  by  means 
of  pendulum  observations,  to  solve  several  important  questions 
which  deal  with  the  form  of  our  planet  and  its  physical 
c/>nstitution. 

The  periods  of  the  small  oscillations  of  a  i)eudulum  depend  upon 
its  length,  according  to  the  law  we  have  just  stated.  But  these  two 
elements  also  depend  on  the  intensity  of  the  force  of  gravity  in 
the  locality  where  the  oscillations  are  performed.  Hence  it  follows 
that,  if  we  obsene  with  great  precision  the  number  of  oscillations 
that  a  pendulum — the  length  of  which  is  known  with  rigorous 
exactness — executes  in  a  sidereal  dav,  we  shall  be  able  to  calcu- 
late  the  precise  duration  of  a  single  oscillation,  and  thence  deduce 
the  intensity  of  the  force  of  gravity — that  is  to  say,  twice  the 
space  which  a  lieavy  body  falling  in  vacuo  passes  through  in  a 
second.  Tliis  intensity  is,  in  fact,  connected  with  the  lengtli  of 
the  j>endulum  and  the  period  of  its  oscillation. 

It  is  bv  this  method  that  the  value  was  found  which  has  been 
already  given  for  the  latitude  of  Paris — 9*8094  metres. 

This  determination  once  obtained,  it  is  possible  to  obtain  by 
calculation  the  length  of  the  pendulum  which  beats  seconds.  This 
length  is  at  Paris  0994  metre,  at  London  32610  feet.  Now  let  us 
imagine  that  an  obser\'er  travels  from  the  e(|uator  to  either  pole. 
As  the  earth  is  not  spherical,  the  distance  of  the  ol)ser\er  from  the 
centre  of  the  earth  will  vary.  Greatest  at  the  equator,  it  will  pro- 
gi-essively  diminish,  will  pass  through  a  mean  value,  and  ij^ill  l)e 
the  smallest  possible  at  the  poles  themselves.  Now,  for  this  reason 
alone,  tlie  energy  of  the  action  of  gravity  in  these  different  places 
must  decrease  from  the  poles  to  the  equator.  Another  influence 
will  also  contribute  to  diminish  the  intensity  of  this  force — that 
is,  the  rotation  of  the  earth,  the  velocity  of  which,  being  nil  at 
the  two  poles,  progressively  increases  with  the  latitude,  developing 
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at   each   poiut   a  greater  centrifugal    force,  whicli   partly   counter- 
balances the  action  of  terrestrial  gravity.' 

For  these  two  reaaona,  the  intensity  of  the  force  of  gravity  will 
vary  in  different  latitudes.  How  will  our  observer  perceive  it  ?  By 
observing  tlie  oacillations  of  the  pendulum,  which  furnishes  us  with 
two  different  but  equally  conclusive  methods.  The  first  method 
consists  in  employing  a  (leiidulum  of  invariable  length ;  the  rod 
and  the  bob,  soldered  together,  are  fixed  to  the  knife-edge  in  a 
permanent  manner.  Such  a  pendulum,  having  a  constant  length, 
or  at  least  only  varying  with  changes  of  temperature,  will  oscillate 
more  rapidly  as  the  force  of  gravity  is  increasetl ;  so  that,  in  going 
from  the  poles  to  the  enuntor,  tlie  inimWr  of  oscillations  in  a  mean 


day  will  Imj  smiiller  mid  smaller.  Tlius,  a  pendulum  a  metre  in 
length,  which  at  Paris  make;  in  vaaio  8{),i;J7  oscillations  in  twenty- 
four  hours,  if  carried  to  tlie  poles  would  make  8(),242,  and  at  tlie 
equator  would  only  make  in  the  same  time  Sfi.Ol?  vibrations. 

The  other  metho<i  is  to  set  a  pendulum  in  motion,  to  measure 
with  the  f^reatest  care  the  numl)er  of  its  vibrations,  and  also  its 
length  at  the  time  of  the  experiment ;  then  to  deduce  the  length 
of  a  simple  pendulum  Ijeating  seconds   at  the  same  station.     The 

'  The  centrifugal  force  is  rendered  mnnifeat  in  physicsl  lectures  by  the  did  of  sn 
ftpp,initii3  ahown  in  Fi>[.  I«.  Circle*  of  steel  rapidly  turning  on  an  aiis  take  the 
form  of  ellipses  flattened  lU  the  extremity  of  the  axia,  the  flattening  being  more 
ton.  ideruble  an  the  velocity  of  rolalion  is  greater. 
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lengths  of  tlie  pendulums  beating  seconds  in  different  places, 
compared  with  each  other,  enable  tis  to  calculate  the  ratios  which 
exist  between  the  intensity  of  the  force  of  gravity  at  those 
places. 

We  possess  a  great  number  of  ol>3ervatious,  made  by  one  or  other 
of  the  two  methods  in  various  regions  of 
the  two  Iiemisplieres,  from  the  seven- 
teenth century  to  the  present  time. 
The  most  illustrious  men  have  asso- 
ciated their  names  with  these  investiga- 
ti<)ns,  which  are  of  such  importance  to  the 
pliysics  of  the  glol>e. 

We  give  here  (Figs.  17  and  18)  a 
sketch  of  the  pendulum  employed  by 
Borda,  so  well  known  for  the  accuracy 
of  lus  researches.  This  is  the  pendulum 
which  was  used  in  the  observations  made 
at  Paris,  Bordeaux,  and  Dunkirk,  by 
Messrs.  Biot  and  Mathieu. 

Borda's   pendulum   was   formed   of   a 
bait   of  platinimi,  suspended   by   simple 
iidlierence,  and   by   the    aid   of  a  metal 
cap  lightly  covered  with  grease,  tu  a  fine 
metallic  wire,  which  was  attached  at  its 
uyi^r  extremity  to  a  knife-edge  similar 
to  that  which  suppiirts  the  pendulum-rttds 
of  clocks.     Tlie  knife-edge  rested  on  two    ; 
well-polished  fixed  planes  of  hanl  stone,    ' 
the  [losition  of  which  was  perfectly  hori- 
zontal.     These   planes   were    themselves 
fixed  to  a  large  bar  of  iron  attached  to 
supports  fixed  in  a  solid  wall,  in  such  a  j 
manner  a.s  to  obtain  perfect  immobility. 

The  oscillations  were  counted  by  comparing  them  with  those  of 
the  pendulum  of  a  clock  placed  against  the  wall,  the  movement  of 
the  clock  Iteing  regulated  by  the  stars.  By  the  help  of  a  telescope 
placed  at  a  distance  of  ten  metres,  the  successive  coincidences 
of  the  two  pendulums  were  obsened,  and  from  the  number  of  the 
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coincidences  and  the  number  of   seconds   elapsed   the   number   of 
oscillations  was  deduced. 

This  number  having  been  thus   ascertained,  the   length  of  the 
pendulum  was  measured  by  operations  of  the  greatest  delicacy,  the 


details   of  whirh   cannot   l>e   given    here.      They   will,  however,  1r; 
fimnd  ill  Vol.  H.  of  Riot's  "  Physical  A.'stronomv." 
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Having  stated  the  length  of  the  pendulums  beating  seconds  at 
Paris  and  London,  we  will  now  give  the  length  which  calculation 
and  observation  have  determined  for  similar  pendulums  located  at 
the  poles,  equator,  and  at  a  mean  latitude  of  forty-five  degrees ; 
the  intensity  of  the  force  of  gravity  in  these  different  places — ^that 
is  to  say,  the  number  of  metres  indicating  the  velocity  acquired  in 
a  secx)nd  by  heavy  bodies  falling  in  va4*no — is  also  shown. 

Length  of  th<^  Intensity  of  the 

Kecondn  pendulnm.  force  of  gravity, 

nim.  no. 

At  the  equator 991 -03  978103 

At  the  latitude  of  4'!  decrees     .     993  52  9*80606 

At  the  poles 996*19  9*83109 

It  must  not  be  forgotten  that  the  variation  of  the  force  of 
gravity  in  different  parts  of  the  earth  depends,  as  we  have  before 
said,  both  on  the  form  of  the  globe — which  is  not  spherical,  but 
ellipsoidal — and  on  the  centrifugal  force  engendered  by  the  velocity 
of  rotation.  The  force  diminishes  therefore  from  the  poles  to  the 
equator  more  than  it  would  do  without  this  rotation.  But  we  know 
what  proportion  must  be  attributed  to  each  of  these  causes  in  the 
phenomena  ob8er\'ed.  By  the  aid  of  pendulum  obse^^'ations  it  has 
been  found  possible  to  calculate  the  flattening  of  the  earth,  and  to 
demonstrate  in  this  manner  the  results  of  geodetic  operations,  as 
well  as  Clairaut's  hypothesis  on  tlie  increasing  densities  of  the 
interior  strata  from  the  surface  to  the  centre. 

By  careful  comparisons  of  pendulum  oscillations,  executed  in 
different  regions  of  the  globe,  it  has  Ijeen  found  that  they  sometimes 
indicate  a  force  of  attraction  much  greater  than  that  given  by  calcu- 
lation ;  while  in  other  regions  the  intensity  is,  on  the  contrary,  more 
feeble  than  the  elliptical  form  of  the  earth  would  require.  As  the 
excess  of  the  action  of  gravity  has  been  observed  especially  in 
islands  situated  in  the  open  sea,  whilst  the  opposite  is  found  to  be 
the  case  on  the  coast,  or  in  the  interior,  of  continents,  it  has  been 
concluded  that  the  water-level  is  somewhat  depressed  in  the  middle 
of  the  ocean,  and  that  it  rises  in  the  vicinity  of  large  extents  of  land.* 

Here,  then,  we  find  the  i)en(lulum  indicating  inequalities  in  the 
curvature  of  the  terrestrial  spheroid. 

*  Suigpy,  **  PhyKiqne  dn  CJlohe." 
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By  observing  the  diflerence  of  length  of  the  pendulum  which 
beats  seconds  at  the  top  of  a  very  high  mountain  and  at  the  level 
of  the  sea  in  the  same  latitude,  the  density  of  the  globe  may  be 
arrived  at.  Another  similar  method  which  has  been  employed 
consists  in  obsen^ing  the  oscillations  of  tlie  pendulum  at  the 
sea-level  and  at  a  great  depth  in  the  interior,  or  at  the  sea- 
level  and  at  the  top  of  a  high  mountain.  The  present  Astronomer 
Royal,  Mr.  Airy,  made  some  experiments  in  the  Harton  mines, 
on  the  vibrations  of  two  pendulums  placed,  one  at  the  surf'ace,  the 
other  at  the  bottom  of  the  mine,  at  a  depth  of  420  yards.  The 
latter  moved  more  quickly  than  the  upper  pendulum,  and  its 
advance  of  two  seconds  and  a  quarter  in  twenty-four  hours  showed 
that  the  intensity  of  the  force  of  gmvity  was  increased  from  the 
surface  of  the  earth  to  the  bottom  of  the  mine  by  about  ^nrJ^n^th 
part  of  its  value. 

This  result  proves  that  the  density  of  the  terrestrial  strata 
increases  from  the  surface  towards  the  centre ;  since,  if  it  were 
otherwise,  the  attraction  due  to  the  interior  nucleus  would  diminish 
with  depth,  and  the  oscillations  of  the  pendulum  would  be  more 
and  more  slow,  which  is  contrary  to  the  fact.  The  density  of  the 
strata  comprised  between  the  surface  and  the  bottom  of  the  mine 
being  known,  and  the  connection  between  this  density  and  that  of 
the  nucleus  being  deduced  from  the  acceleration  observed,  the  mean 
density  of  the  terrestrial  globe  may  be  calculated.  The  same 
research  has  been  pursued  by  other  methods,  and  has  given  slightly 
different  results — a  fact  not  at  all  astonishing  in  a  problem  of  such 
delicacy. 

To  sum  up :  the  terrestrial  globe  is  acknowledged  to  weigh 
nearly  five  and  a  half  times  more  than  an  equal  volume  of  water. 
It  is  also  proved,  as  we  have  had  already  occasion  to  state,  that  the 
density  of  the  concentric  strata  of  wliich  the  earth  is  formed  con- 
tinues to  increase  from  the  surface  towards  the  centre.  Physicists 
agree  in  giving — as  a  result  of  considerations  which  cannot  find 
place  here — for  the  density  of  the  central  strata,  a  value  double  the 
mean  density,  which  itself  is  nearly  double  that  of  the  superficial 
strata. 
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CHAIT'ER  V. 

WEIGHT     OF     BODIES — EQUILIBRIUM     OF     HEAVY     BODIES — CENTRE     OF 

GRAVITY — THE   BALANCE. 


DLBtinction  between  the  weight  of  a  body  and  its  mass — Loss  of  weight  which  a 
body  undergoes  when  it  is  taken  from  the  poles  to  the  equator— Centre  of 
gravity  in  bodies  of  geometric  form  ;  in  bodies  of  irregular  form — The  Balance  ; 
conditions  of  accuracy  and  sensibility — Balance  of  precision — Method  of  double 
weighing — Specific  gravity  and  density  of  bodies. 


"On  preciBion  in  measures  and  weights  depends  the  prt^ress  of  chemistry,  physics,  and  physiology. 
Measures  and  weights  are  the  inflexible  Jndges  placed  above  all  opinions  which  are  only  supported  by 
imperfect  obserrations.''-^.  Moijeschott,  La  Circulation  de  la  Vie:  IndestntetibiliU  de  la  Maiikrt, 


GEAVITY  acts  in  the  same  manner  on  all  bodies,  whatever  their 
form,  or  size,  or  whatever  the  nature  of  their  substance.     This 
follows  from  the  equal  velocity  wliich  all  bodies  aa^uire  in  falling 
from  the  same  height  and  in  the  same 
place.     A  heavy  body,  then,  may  be 
considered    as    the    aggregation    of  a 
multitude   of  material   particles,  eacli 
of  which  is   acted   on  individually  by 
gravity  (Fig.  19). 

All  these  equal  forces  are  parallel, 
and  thus  produce  the  same  effect  as 
a  single  force  equal  to  their  sum.  It 
is  this  resultant  of  all  the  actions  of 
gravity  which  forms  the  weight  of  the 
body.  The  point  where  it  is  applied, 
and  which  is  called  its  centre  of  gravity, 
is  that  which  must  be  supported,  in 
any  position  of  the  body,  in  order  that  the  latter  may  remain  in 


+ 


Fio.  19.  — Weieht  of  a  l)0<ly  ;  cenire 
of  gravity. 
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e([iiilibrium.      The  centre  of  gravity  is  not  always  situated  in  tlie 
interior  of  the  body:  in  some  cases  it  falls  outside  it. 

Although  for  simplicity's  sake  we  used  the  word  weight  in  the 
first  chapter  as  a  synonym  for  gravity,  the  force  of  gravity  must  not 
be  confounded  with  weight:  and  it  is  also  important  to  distinguish 
weight  from  mass.  Mass,  sometimes,  is  described  as  the  quantity  of 
matter  which  a  body  contains:  but  this  definition  is  vague,  and 
does  not  express  the  difference  which  exists  between  the  two  terms. 
An  example  will  explain  the  precise  sense  which  is  given  to  this 
word  in  physical  inquiries. 

Let  us  take  a  heavy  body — a  piece  of  iron,  for  example.  To 
determine  its  weight,  let  us  suspend  it  to  a  spring,  or  dynamometer 
(see  Fig.  1),  such  that  its  degree  of  tension  will  show  the  intensity  of 
the  action  of  gravity  on  the  body.  Let  us  notice  the  divided  scale — 
the  exact  point  where  the  upper  branch  of  this  instrument  stops ; 
and  let  us  suppose  that  this  first  observation  is  made  in  the  latitude 
of  Paris,  for  instance. 

Now  transport  the  piece  of  iron  and  the  dynamometer  either 
to  the  equator  or  towards  the  poles.  The  intensity  of  the  force  of 
gravity  is  no  longer  the  same :  the  spring  will  be  less  extended  in 
one  case,  and  more  so  in  the  other.  The  weight,  as  we  ought  to 
expect,  after  what  we  know  of  the  variations  of  the  force  of  gravity, 
has  changed.  And  nevertheless  we  are  dealing  with  the  same 
quantity  of  matter:  it  is  the  same  mass  which,  in  the  three  cases, 
has  been  used  for  the  experiment. 

Thus,  then,  the  quantity  of  matter — the  mass — remaining  the 
same,  the  weight  varies ;  and  in  the  same  ratio  as  the  intensity  of  the 
action  of  gravity  varies,  so  that  that  which  remains  constant  is  the 
ratio,  which  should,  for  this  reason,  serve  as  a  definition  for  the  mass. 

This  variation  in  the  weight  of  bodies  when  they  are  transported 
from  one  place  to  another  in  a  different  latitude  would  equally  take 
place  if  the  bodies  were  to  change  their  altitude:  that  is,  if  their 
height  above  or  below  the  sea -level  were  to  be  changed,  th«ir 
masses  remaining  always  constant.  But  this  change  we  shall  not 
be  able  to  prove  by  the  aid  of  balances,  because  in  these  instruments 
equilibrium  is  produced  by  bodies  of  equal  weight :  and  the  variation 
in  question  will  take  place  both  in  the  weight  to  be  measured  and 
in  the  weight  which  is  used  as  a  measure. 
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Calculation  shows  that  a  mass  weighing  one  kilogramme,  or 
1,000  grammes,  at  Paris,  would  not  weigh  more  than  997'106gr.  at 
the  equator.  The  same  weiglit  taken  to  either  pole  would  exercise  on 
a  dynamometer  the  same  tension  as  a  weight  of  1000221  gr.  at  Paris. 

Let  us  now  return  to  the  centre  of  gravity.  It  may  be  Interest- 
ing, and  moreover  it  ia  often  nseful,  to  know  the  position  of  the 
point  which,  when  fixed  or  supported,  keeps  the  body  in  equilibrium 
when  it  is  subjected  to  the  action  of  gravity  only.  When  the  matter 
of  which  the  body  ia  composed  is  perfectly  homt^eneous,  and  when 
its  form  is  symmetrical  or  regular,  the  determination  of  the  centre 
of  gravity  is  purely  a  geometrical  affair.  Let  iia  take  the  must 
ordinary  cases. 


A  heavy  stFaifjht  bar  has  its  centre  of  gravity  at  its  point  of 
bisection.  In  reality,  the  material  bar  is  prismatic  or  cylindrical, 
but  in  the  case  where  the  tliickness  is  verv'  small  in  comparison 
with  its  length  we  may  neglect  it  without  inconvenience.  The  same 
remark  is  applicable  to  very  thin  surfaces,  and  they  are  consitiered  as 
plane  or  curved  figures  without  thickness.  The  square,  rectangle, 
and  parallelt^ram  have  their  centre  of  gravity  at  the  intersection  of 
their  diagonals  (Fig.  20).  The  triangle  has  it  at  the  point  of  inter- 
section of  the  lines  which  fall  from  the  summit  of  each  angle  on 
to  the  middle  of  the  opposite  aide, — that  is  to  say,  at  one-third  the 
distance  of  the  apex  from  the  base,  measured  along  these  lines.  If 
these  surfaces  were  reduced  to  their  exterior  contours,  the  position  of 
the  centre  of  gravity  wou'd  not  he  changed. 


48 


PHYSICAL  PHENOMENA. 


[B< 


The  centre  of  figure  of  a  circle,  a  circular  ring,  or  of  an  ellipse, 
is  also  its  centre  of  gravity.  Kight  or  oblique  cylinders,  regiilar 
prisms,  and  paralIelopii)ed3  (Fig.  21)  have  their  centres  of  gravity 
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at  tlie  middle  {mint  of  their  axes.  Tliat  of  the  sphere,  and  the 
ellijifioid  of  revolution,  is  at  its  centre  of  figure  (Fig.  22).  To  find 
that  of  a  pyramid,  or  a  right  or  o1)lif|ue  cone,  a  line  must  be  drawn 


from  the  vertex  to  the  centre  of  gravity  of  tlie  jwilygnnal  base,  and 
the  centre  lies  one-foiirth  the  distanct^  of  the  vertex  from  the  liase 
along  this  line. 

The  above  is  for  homogeneous  bodies  of  geometrical  form. 
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But,  more  often,  the  fomi  is  either  irregular,  or  the  material  of 
the  body  is  not  equally  dense  in  all  its  parts.  In  such  cases,  the 
determination  of  the  centre  of  gravity  is  found  by  experiment. 
A  simple  means  of  finding  it  consists  in  suspending  the  body  by 
a  string.  Once  in  equilibrium,  the  centre  of  graWty  will  lie  along 
the  prolongation  of  the  string,  the  direction  of  which  is  then  vertical. 
A  second  determination  must  then  l)e  made  by  suspending  the  body 
by  another  of  its  points;  this  furnishes  a  new  line,  in  which  the 
centre  of  gravity  lies.  The  intersection  of  these  two  lines,  then, 
gives  the  centre  of  gravity  (Fig.  23),  which  may  be  sometimes 
inside,  sometimes  outside  the  heavy  body. 

The  definition  of  the  centre  of  gravity  indicates  that,  when  this 
]X)int  is  supported  or  fixed,  provided 
that  all  the  material  points  of  which 
the  lx)dy  is  composed  be  united,  equi- 
librium is  secured.  But  this  condition 
is  difficult  to  fulfil,  as  very  often  the 
centre  of  gravity  is  an  interior  point, 
by  which  the  body  cannot  be  directly 
fixed  or  supported. 

If  the  suspension  is  made  by  a  string 
or  flexible  cord,  equilibrium  will  esta- 
blish itself;  the  centre  of  gravity  will 
then  be  on  the  vertical  line  parsing 
throu<'h   the  iwint  of  suspension.     If, 

Fu;.  L'3.— Evperiineiital  detenniuatioii  of 

when  this  position  is  obtained,  the  body        f*'**  t'^-ntre  of  gravity  of  a  »)^Kiy  of 

*  '  •  irregtilar    fonn     or    non-hoinogeneoujB 

is  disturbed,  it  will  fonn  a  compound  structure. 
])endulum,  and  will  execute  a  certain  number  of  oscillations  and 
will  a^'ain  come  to  rest.  This  is  what  is  called  stuUe  equUihnum, 
and  it  is  an  essential  condition  of  this  kind  of  equilibrium  that 
the  ix)sition  of  the  centre  of  gravity  be  lower  than  the  point  of 
suspension,  so  that  when  the  body  is  disturbed  the  centre  of 
gravity  rises. 

In  geneml,  in  order  that  a  heavy  body  be  in  equilibrium  under 
the  action  of  gravity,  it  is  necessary  and  sufficient  that  its  centre  of 
gravity  lie  in  the  vertical  line  passing  through  the  point  of  support 
if  this  point  is  above  it,  or  within  the  area  of  the  plane  of  support  if 
the  fixed  points  are  more  or  less  numerous.     Figs.  24  and  25  give 
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oxHiu))lus  of  this.  The  Leaoing  Towers  of  Bologna  and  Piaa  (Fig.  3 
nipivstiiita  the  second  of  these  structures)  are  singular  cases  in  whicli 
the  equilibrium  is  presened,  o«-ing  to  the  circumstance  that  the 


tieiitre  of  gravity  of  tlie  edifice  is  in  the  vertical  line  falling  within 
the  base.  But  it  is  to  be  understood  that  the  materials  of  which 
these  towers  are  built  are  cemented  together  in  such  a  manner,  that 
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each  of  them  cannot  separately  obey  the  force  which  would  cause 
its  fall. 

The  water-carrier  and  porter,  represented  in  Fig.  26,  take  posi- 
tions inclined  either  to  the  side  or  the  front,  so  that  the  centre 
of  gravity  of  their  bodies  and  the  load  which  they  sustain,  taken 
tngether,  is  in  a  vertical  line  falling  within  the  base  formed  by  their 
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feet.  The  same  condition  is  fulfilled  by  the  cart  (Fig.  27),  which 
travels  transversely  along  an  inclined  road ;  it  remains  in  equilibiimn 
while  the  centre  of  gravity  remains  vertically  above  the  base  com- 
prised between  the  points  where  the  wheels  touch  the  ground.    It 
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would  upset  if  this  were  not  so,  either  from  too  great  an  incliuatiun 
of  the  road,  or  from  a  too  rapid  movement  impressed  on  the  vehicle 
and  its  centre  of  gravity. 


When  a  body  is  supported  by  a  horizontal  axis,  around  which  it 
can   turn  freely,  its  equilibrium   may   be   either  daW,   tuiUra/,   or 
vn»tahU.      It  is  stable,  if  the  centre  of  gravity  is  below  the  axis; 
E  2 
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neutral,  if  this  centre  is  ou  the  axis  itself;  and  unstable,  if  the  centre 
of  gravity  is  above  the  axis.  Fig.  28  furnishes  an  example  of  each 
of  these  cases. 

To  determine  the  centre  of  gravity  of  one  or  more  heavy  bodies, 
is  a  problem  which  frequently  finds  numerous  applications  in  various 
industrial  arts.     But  another  question,  no  less  interesting  and  useful, 


is  to  deteiiiiiue  tliat  resultant  of  which  the  centre  of  gravity  is  the 
point  of  application,  or,  to  use  the  common  expression,  to  weigh 
Ijodies. 

The  instruments  destined  to  this  use  have  received  the  name  of 
Balances,  or  Scales.  The  Balances  used  are  very  varied  in  their  forms 
and  in  their  mode  of  construction,  and  we  shall  describe  them  in 
detail  when  we  treat  of  the  applications  of  physica.  Here  we  shall 
confine  ourselves  to  the  description  of  the  delicate  balances  used 
in  scientific  researches  only. 

The  principle  on  which  their  construction  is  based  is  this: — 
A  lever,  a  rigid,  inflexible  bar,  resting  at  its  centre  on  a  fixed 
point,  on  which  it  can  freely  oscillate,  is  in  equilibrium  wheu 
two  eq^ual  forces  are  applied  to  each  of  its  two  extremities. 

To  make  a  lever  of  this  kind  ser\-e  as  a  balance,  it  is  indis- 
pensable that  certain  conditions,  of  which  we  are  about  to  speak, 
be  attended  to  in  its  construction. 

It  is  necessary,  first,  that  the  two  arms  of  the  lever  or  beam 
xo,  OB,  be  of  equal  length  and  of  the  same  density,  in   order   to 


CHAP,    v.] 


CENTRE  OF  OR  A  VITY, 


63 


Fio.  20. — Scalpn. 


produce  equilibrium  by  themselves.  The  two  scales,  in  one  of  which 
is  placed  the  standard  weight,  in  the  other  the  body  to  be  weighed, 
ought  also  to  be  of  exactly  the  same  weight. 

In  the  second  place,  the  centre  of  gravity  of  the  system  ought 
to  be  below  the  point  or  axis  of 
suspension,  and  very  near  to  this 
axis.  It  follows  from  this  second 
condition,  that  the  equilibrium 
will  be  stable,  and  that  the  oscil- 
lations of  tlie  beam  will  always 
tend  to  bring  it  back  to  a  hori- 
zontal position,  which  is  the  in- 
dication of  the  equality  of  weight 
of  the  bodies  placed  in  the  two 
scales. 

These  two  conditions  are  neces- 
sary, in  order  that  the  balance 
be  exact ;  but  they  are  not  suf- 
ficient to  make  it  sensitive  or 
delicate — that  is,  to  cause  it  to  indicate  the  slightest  inequality  in 
the  weights  by  an  xmmistakeal)le  inclination  of  the  beam. 

In  order  that  a  balance  be  very  exact  and  delicate,  it  is  further 
necessaiy :  1st.  That  the  point,  or  axis  of  suspension,  of  the  beam 
and  of  the  two  scales  should  be  in  the  same  right  line.  In  this 
case,  the  sensibility  is  independent  of  the  weights  on  the  scales. 
2d.  That  the  beam  be  of  a  great  length,  and  as  light  as  possible ; 
then  the  amplitude  of  the  oscillations  is  greater  for  a  given  inequality 
f>f  the  weights;  this  is  the  reason  which  necessitates  the  centre  of 
gravity  of  the  balance  being  very  near  the  axis  of  suspension  of  the 
beam,  i^dthout,  however,  absolutely  coinciding  with  it.  Let  us  now 
show  how  these  conditions  are  realized  in  the  delicate  balances  used 
by  physicists  and  chemists. 

The  beam  is  made  of  a  lozenge  shape,  formed  out  of  a  metal  plate 
of  steel  or  bronze,  and  cut  away  in  such  a  way  as  te  diminish  its  weight 
without  increasing  its  flexibility.  Through  its  centre  passes  a  steel 
knife-edge,  the  horizontal  edge  of  which  forms  the  fulcrum  of  the 
beam.  This  edge  rests  on  a  hard  and  polished  plane — of  agate,  for 
example.     The  two  extremities  of  the  beam  carry  two   other  very 
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small  knife-edges,  ■wliicli,  being  horizontal  and  parallel  to  those 
of  the  principal  one,  support  moveable  steel  plat€8,  to  which  are 
attached  the  rods  which  hold  the  cups  or  scales. 

Tlie  three  edges  which  we  have  described  must  be  placed  exactly 
in  the  same  plane,  and  their  distances  from  each  other  must  be 
perfectly  eqnal.  In  tlie  middle  and  above  the  beam,  two  buttons 
are  fixed,  one  above  the  other,  one  of  which  is  made  like  a  nut, 
60  that  it  can  be  screwed  up  or  down  at  will.  It  b  used  to 
raise  or  lower  the  centre  of  gravity  of  the  balance  in  such 
a  way  as  to  bring  it  nearer  to  or  further  away  fixim  the  axis  of 


suspension,  and  thus  give  to  tlie  balance  the  degree  of  sensibility 
required. 

Above  and  in  front  of  the  middle  knife-edge,  the  beam  carries  a 
long  metallic  rod  or  needle,  which  oscillates  with  it,  and  its  position 
is  exactly  vertical  when  the  plane,  formed  by  the  three  axes  of  sus- 
pension, is  horizontal.  The  lower  extremity  of  this  needle  moves 
over  an  ivory  arc,  the  zero  division  of  which  corresponds  to  this 
last  position,  and  determines  it.  On  either  side  of  zero,  equal 
divisions  indicate  the  amplitudes  of  tlie  oscillations  of  the  needle : 
if  these  amplitudes  be  equal  on  each  side,  we  are  assured  of  the 
horizontality  of  the  beam  and  of  the  equality  of  the  weights  in  the 
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A  b&laace  thus  constructed  should  be  placed  on  a  firm  plane ; 
and  by  the  use  of  the  elevating  screws  placed  at  the  foot  of  the 
instrument,  and  by  obeerving  the  needle,  its  position  must  be  made 
exactly  horizontal  before  beginning  work.  To  avoid  the  influence 
of  currentA  of  air  and  the  deterioration  proceeding  from  dampness  or 
other  atmospheric  agents,  the  balance  is  also  enclosed  in  a  glass  case, 
which  is  shut  during  the  weighing,  and  is  only  openeil  to  insert  or 


remove  the  weights  and  the  substances  to  be  weighed.  Chloride  of 
calcium  is  also  placed  in  the  case  to  absorb  the  moisture.  Moreover, 
when  the  apparatus  is  not  in  use,  a  metallic  fork  is  made  to  raise 
the  beam  by  means  of  rackwork  enclosed  in  the  column,  so  that 
the  knife-edges  may  keep  their  sharp  edges,  which,  without  thif 
precaution,  the  pressure  would  in  time  render  dull. 
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We  now  see  with  what  precision  the  conditions  of  exactitude 
of  a  balance  destined  to  scientific  uses,  such  as  the  instrument  just 
described,  are  realized.  This  precision  is  indispensable  in  the 
delicate  determinations  required  in  physical  researches  and  modem 
chemistry.  But  they  do  not  sufl&ce:  the  operator  must  also  add 
the  ability  which  experience  produces,  and  precautions  on  which 
we  cannot  enter. 

It  is  unnecessary  to  state  that  the  precision  of  the  balance  would 
be  completely  useless  if  the  weights  were  not  themselves  rigorously 
exact.  Sometimes,  besides  the  series  of  mean  weights,  the  operator 
possesses  another  series  of  small  weights,  which  he  has  carefully 
constructed  himself,  of  very  fine  platinum  wire,  which  he  uses  for 
weights  lower  than  a  gramme,  as  decigrammes,  centigrammes,  and 
milligrammes. 

At  the  present  time,  balances  are  made  delicate  enough  to  detect 
a  milligramme  ('154  grain)  when  each  scale  is  charged  with  five 
kilogrammes  (13*39  lb.).  In  the  balances  used  in  chemical  analysis, 
tenths  of  milligrammes  ('0154  grain)  even  are  weighed;  but  then 
the  total  charge  must  be  very  small,  two  grammes  for  example. 

Physicists  frequently  employ  the  method  of  double  weighing,  to 
remedy  any  inequality  in  the  arms  of  the  beam.  They  plac^ 
the  body  to  be  weighed  in  one  of  the  scales,  and  then  establish  equi- 
librium by  putting  in  the  other  scale  an  ordinary  tare  formed  of 
leaden  shot.  In  this  state,  if  the  arms  be  not  exactly  the  same 
length,  the  apparent  equilibrium  does  not  prove  the  equality  of  the 
weights.  But  if,  on  removing  the  body,  it  is  replaced  by  weights 
graduated  until  equilibrium  be  again  establislied,  it  is  easily  under- 
stood that  these  weights  exactly  represent  the  weight  sought  for, 
since  they  produce  the  same  eftect  as  the  body  itself  does  under  tlie 
same  conditions. 

It  will  be  seen  further  on,  that  the  weight  of  a  body  is  modified 
by  the  medium  in  which  it  is  weighed,  so  that  it  is  lessened  by  the 
weight  of  the  fluid  which  it  displaces.  On  the  other  hand,  its  volume 
varies  with  the  temperature,  and  consequently  the  same  body  does 
not  always  displace  the  same  quantity  of  fluid ;  hence  the  necessity 
of  taking  account  of  these  elements  of  variation,  unless  the  pre- 
caution is  taken  of  weighing  in  a  space  void  of  air — that  is  to  say, 
in  vanw. 
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The  unit  of  weight  generally  adopted  by  scientific  men  of  £dl 
countries  is  that  of  the  metric  system  of  weights  and  measures — 
the  kilogramme, 

A  cubic  decimetre  of  distilled  water,  weighed  in  vacuo  at  the 
temperature  of  four  degrees  centigrade  above  its  freezing-point, 
in  the  latitude  of  forty-five  degrees,  and  at  the  level  of  the  sea, 
weighs  one  kilogramme.  Such  is  the  exact  definition  of  the  unit 
of  weight.  It  must  not  be  forgotten  that,  if  the  weight  varies  vnt\\ 
the  latitude  and  with  the  height  above  the  level  of  the  sea,  the 
variation  does  not  manifest  itself  in  a  balance,  because  it  affects  in 
the  same  manner  the  weights  placed  in  both  scales.  These  causes 
of  error  may,  therefore,  be  neglected  when  the  balance  is  employed. 

We  may  state  also,  in  bringing  tliis  chapter  to  a  close,  what  is 
understood  by  specific  gravity  and  density:  further  on,  we  shall  see 
how  the  values  in  question  are  experimentally  determined.  Equal 
volumes  of  different  substances  have  not  the  same  weight ;  a  block 
of  stone  weighs  more  than  a  piece  of  wood,  and  less  than  a  piece 
(»f  iron,  of  the  same  dimensions :  this  is  a  fact  easily  proved,  and 
known  by  every  one.  Let  us  suppose  that  we  take,  as  the  unit 
of  volume  of  each,  the  cubic  decimetre  for  instance,  and  weigh 
them  all  at  a  constant  temperature,  the  values  obtained  will  be  what 
are  called  the  absolute  weights  of  tliese  substances. 

The  absolute  w^eights  would  vary,  if  the  unit  of  weight  were 
changed,  but  their  relations  would  remain  invariable.  It  is  then 
usual  to  take  one  of  them  for  unity :  the  weiglit  of  water  is  thus 
chosen,  because  water  is  a  substance  spread  all  over  the  earth,  and 
it  is  easily  procured  in  a  state  of  purity.  The  weight  thus  expressed 
is  called  relative  or  specific  veight^  or  8j>ecific  gi-avity. 

In  making  similar  comparisons  between  the  masses  of  difierent 
substances  with  a  unit  of  volume,  we  determine  also  what  is 
called  the  relative  density  of  substances.  As  the  numbers  thus 
f»btained  are  precisely  the  same  as  the  specific  gravity,  it  often 
happens  that  they  are  confounded  one  with  the  other,  under  the 
common  denomination  of  density,  which  is  clearly  an  error. 
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CHAPTEK   VI. 

WEIGHT     OF     LIQUIDS. — PHENOMENA      AND      LAWS      OF      EQUILIBRIUM  : 

HYDKOSTATICS. 

Difference  of  constitution  of  soHds  and  liquids  ;  molecular  cohesion— Flowing  of 
pulverulent  masses— Mobility  of  the  molecules  of  liquid  bodies — Experiments 
of  the  Florentine  academicians  ;  experiments  of  modem  philosophers — Pascal's 
law  of  equal  pressures — Horizontal ity  of  the  surface  of  a  liquid  in  equilibrio— 
Pressure  on  the  bottom  of  vessels  ;  pressures  normal  to  the  sides  ;  hydraulic 
screw — Hydrostatic  paradox  ;  Pascal's  bursting-cask — Equilibrium  of  super- 
posed liquids ;  communicating  vessels. 

"PHENOMENA  the  most  curious  and  tlie  most  worthy  of  attracting 
-^  our  attention  are  daily  passing  before  our  eyes  without  our 
taking  any  notice  of  them,  much  less  considering  the  causes  which 
give  rise  to  them.  Such  are,  for  example,  the  different  appearances 
under  which  we  see  bodies,  sometimes  solid,  sometimes  liquid, 
sometimes  gaseous,  and  sometimes  passing  successively  through 
the  three  states.  In  what  does  ice  differ  from  water,  and  how 
does  the  latter  transform  itself  into  vapour  ?  ^Vhat  difference  is 
there  between  the  arrangements  of  the  molecules  which  constitute 
these  three  forms  of  one  substance?  These  are  questions  of  very 
difficidt  solution,  on  which  science  possesses  few  data,  which  we 
will  review  in  the  several  chapters  of  this  work.  We  will  now 
confine  ourselves  to  those  which  are  necessary  to  the  understanding 
of  the  phenomena  we  are  about  to  describe. 

That  which  distinguishes  a  solid  body  when  it  is  not  submitted 
to  mechanical  or  physical  forces  capable  of  breaking  it,  or  of 
making  it  pass  into  a  new  state,  is  its  constant  form.  Let  us  con- 
sider a  stone  or  a  piece  of  metal.  Its  paiticles  are  so  solid  that  they 
keep  their  mutual  distances,  only  separating  from  each  other  under 
an  exterior  force,  more  or  less  strong.     It  follows  that  the  position  of 
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the  centre  of  gravity  of  the  body  remains  invariable,  and  that  what- 
ever movement  a  stone  receives,  whether  it  is  thro'vni  into  the  air  or 
falls  under  the  action  of  gravity,  all  its  particles  will  participate  at 
the  same  time  and  in  the  same  manner  in  the  motion.  Cohesion  is 
the  force  which  thus  unites  the  different  molecules  of  a  body  one  to 
the  other. 

It  happens,  when  a  solid  body  is  reduced  to  very  fine  particles — to 
small  dust — that  this  cohesion  appears  to  be,  if  not  annulled,  at  least 
considerably  diminished.  Hence  it  is  that  it 
is  difficult  to  maintain  a  heap  of  sand  in  the 
form  of  a  high  cone :  the  grains  slip  one  over 
the  other,  and  their  movement  along  the  slope 
of  the  mass  is  somewhat  analogous  to  the  flow- 
ing of  a  liquid  on  an  incline.  This  analogy 
appears  still  more  striking  when  we  fill  a  vessel 
with  fine  powder,  and  make  a  hole  in  the 
bottom.  The  flow  resembles  that  of  a  liquid 
(Fig.  32),  but  in  appearance  only,  for  each 
grain,  however  small  it  be,  is  a  mass  which 
has  all  the  properties  of  a  solid  body,  and, 
indeed,  does  not  differ  from  one. 

What  then,  from  a  physical  point  of  view,  is 
the  special  characteristic  wliich  distinguishes 
liquids  from  solids? 

It  is  that,  whilst  in  the  latter  molecular  cohesion  is  strong  enough 
to  prevent  the  movement  of  its  different  particles,  in  liquids,  on  the 
contrary,  this  force  is  nothing,  or  nearly  nothing.  Hence  the  extreme 
mobility  of  their  particles,  which  slide  and  roll  one  over  the  other 
under  the  action  of  the  slightest  force.  In  consequence  of  tliis 
mobility,  a  liquid  mass  has  in  itself  no  definite  form;  it  takes, 
when  in  equilibrium,  the  form  of  the  vessel  or  natural  basin  which 
contains  it,  the  walls  of  which  prevent  it  from  moving  under  the 
action  of  gravity. 

It  must  not  be  imagined  from  this  that  there  is  no  cohesion 
in  liquids.  When  a  liquid  mass  is  in  motion,  its  particles  do  indeed 
change  place,  but  they  are  not  isolated  or  separated,  as  happens 
in  the  case  of  sandy  matters:  the  distance  between  the  particles 
does  not  change,  and,  if  the  form  is  modified,  the  volume  remains 


Fio.  82.— Flowing  of 
sand. 
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invariable.     When  a  solid  disc  is  applied  to  the  surface  of  a  liquid 

which  moistens  it  (Fig.  33).  it  requires  a  certain  effort  to  separate 

it  from  the  liquid,  and  the  liquid  stratum 

which  the  disc  takes  with  it  shows  that 

this  effort  waa  neeeasita^  by  the  force 

wliich   united   the    liquid    molecules    to 

each  other.     It  would  be  the  same  if  a 

rod  were   dipped  in  a  liquid  susceptible 

of  moistening  the  substance  of  which  the 

rod   is   formed.      On   drawing   it   out,  a 

drop  of  liquid  would  be  seen  suspended 
Fin,  3s.-coht.i™  or  iiqiii.1  ,         r    ,     ,      ,        ,    .    ;   , 

moiwuiM.  at  the  end.     Lastly,  tlie   spherical   form 

which  dew-drops,  when  deposited  on  leaves,  or  small  drops  of 
mercury  lying  on  a  solid  surface  (Figs.  34  and  35),  present,  is 
explained  by  the  preponderance  of  tlie  molecular  cohesion  over  tlie 
action  of  gravity,  wliich  other- 
wise would  tend  to  spread  out  the 
small  liquid  masses  in  question 
over  the  surfaces  which  sustain 
them.  Nevertheless,  this  cohesion 
is  very  slight,  as  may  be  shown 
by  the  mobility  of  the  particles  and 
the  facility  with  which  the  cohesion 
is  overcome :  a  mass  of  water  pro- 
jected from  a  certain  height  falls  to 
the  ground  in  a  shower  of  spray, 
due,  as  we  have  already  seen,  to 
t«,.o,,—^p..r.«n. ...... ...  ur.—...wi™.  ^j^^  resistance  of  the  air. 

Moreover,  there  is  a  great  difference  in  this  respect  between 
various  liquids.  Some  are  viscous,  and  their  molecules  are  but  slowly 
displaced,  requiring  some  time  to  take  the  form  of  the  vessels  which 
contain  them :  such  are  resins,  and  sulphur  at  certain  temperatures. 
Soft  bodies  form,  in  this  manner,  a  transition  state  between  solids 
and  liquids.'     Otlior  bodies,  such  as  the  ethers  and  alcohols,  possess 

'  The  coheaion  of  the  particles  which  form  solid  bodieB  can  be  orercome  by 
suSicieDt  pressure.  Some  experimenta  of  greut  intercut  mode  by  M.  Treeca  have 
proved  the  fact— in  appearance  paradoxical — that  the  hardest  Kolidg  can,  without 
thiuiging  their  state.  Row  nnder  great  preiwure  like  liquidB. 
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a  great  degree  of  liquidity,  and  eveu  pass  with  the  greatest  facility 
iato  a  state  of  vapour.  Lastly,  there  is  a  certain  number  of  liquids, 
like  water,  in  a  degree  of  liquidity  whicli  is  a  mean  between  these 
two  extremes.  We  shall  see  further  uq  that  heat  and  pressure 
have  a  very  important  influence  on  these  different  states. 

Whatever  these  diflerences  may  be,  the  phenomena  which  we  are 
about  to  pass  under  review  are  manifested  by  all  liquid  bodies,  to 


d^rees  which  vary  ouly  according  to  tlieir  more  or  less  perfect 
liquidity. 

Most  people  have  heard  of  the  celebrated  experiments  made  at 
the  end  of  the  eighteenth  century  by  the  physicists  of  the  Academy 
del  Cimento,  of  Florence,  on  the  compressibility  of  liquids.  Does 
water,  or  more  generally  speaking,  does  any  liquid  change  its  volume, 
when  submitted  to  a  con.fiderable  mechanical  pressure  ?  Such  was 
the  question  wliich  these  men  asked  them.'ielvea,  and  which  they 
believed  they  solve<l  nef^atively.  They  caused  a  hollow  silver  spheiv 
to  be  made,  filled  it  with  water,  and  immediately  liermetically 
sealed  it.  Having  then  strongly  compressed  Jt,  they  saw  the  water 
oozing  through  its  walls.  They  made  other  experiments  with  the 
same  result,  and  they  concluded  that  liquids  do  not  diminish  in 
volume  under  the  action  of  the  greatest  mechanical  forces,  or,  in 
other  words,  that  they  are  incompressible. 

But  more  recent  experiments  have  invalidated  those  of  the 
Florentine  Academicians.  Tlie  compressibility  of  water  and  many 
other  liquids  has  been  demonstrated.  Canton  in  1761,  Perkins  in 
1819,  Oersted  in  1823,  and,  moi'e  recently,  Despretz,  Calladon  and 
Sturm,  Wertheim  and  Eegnault,  have  measured  with  continually 
increasing  accuracy  the  diminution  of  volume  brought  about  in 
sundry  liquids  subjected  to  a  determinate  pressure.  We  shall  see 
further  on  that  this  diminution  is  extremely  slight, — so  slight  that 
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it  need  not  be  taken  into  account  in  the  study  of  hydrostatic  phe- 
nomena. We  will  now  give  a  description  of  the  more  important  of 
these  phenomena. 

Imagine  two  cylinders  of  imequal  diameter  communicating  at 
their  bases  by  a  tube  (Fig.  36).  Two  perfectly  fitting  pistons  move 
freely  in  the  interior  of  each  of  them,  and  the  tube  and  the 
cylinders  below  the   pistons   are  filled  with  water.     We  find  by 

this  experiment  that,  in  order  to  obtain 
jj^^l  \^  ^        equilibrium    in   the   instrument,  if   the 

tjUl^  charge  of  the  piston  of  the  small 
JL-.  cylinder,  added  to  its  own  weight,  is,  for 
H|l||  example,  one  kilogramme,  or  one  pound, 
|y|M  the  largest  piston  must  be  charged,  its 
—  ■  =^       o'vra  weight  included,  by  as  many  times 

one  kilogramme  or  one  pound  as  the  sur- 
face of  the  large  cylinder  contains  that  of 
the  small  one. 

In  the  example  represented  in  Fig.  36 
one    kilogramme    balances    sixteen.      It 
seems  as  if  the  pressure  exercised  by  the 
surface  of  the  small  piston  were  transmitted,  without  any  modifi- 
cation of  its  energy,  through  the  liquid  to  each  equal  portion  of 
the  surface  of  the  large  one. 

Such  is,  in  fact,  the  principle  on  which  rests  the  construction  of 
a  machine  of  the  greatest  utility,  which  wDl  be  described  in  the 
applications  of  physics,  and  which  is  known  imder  the  name  of  the 
hydraulic  press  or  ram.  The  discovery  of  this  principle  is  due  to 
Pascal :  it  is  a  consequence  of  the  mobility  and  elasticity  of  liquid 
particles.  It  may  be  formulated  as  follows : — Presmrty  exercised  on 
a  liquid  contained  in  a  closed  vessel,  is  transmitted  wUh  tJie  same  energy 
in  all  directions.  By  this  it  must  be  understood  that,  if  we  take 
on  the  liquid  or  on  the  interior  walls  of  the  vessel  a  surface  equal 
to  that  on  which  the  pressure  is  exercised,  this  surface  will  undergo 
a  pressure  exactly  equal  to  the  first;  if  the  surface  which  receives 
the  pressure  is  double,  triple,  quadruple,  &c,  of  that  which  tiunsmits 
it,  it  will  support  a  double,  triple,  and  quadruple  pressure.  So  that, 
if  we  open  in  the  sides  of  the  vessel  orifices  of  any  dimensions, 
it  is  necessary,  to  maintain  equilibrium,  to  exercise  on  the  pistons 


Fio.  36.— Principle  of  the  hydraulic 
press. 
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wliich  shut   these  orifices   pressures   proportional   to   their  surfaces 
(Fig.  37).     In  order  to  prove  this  by  experiment,  it  is  necessary,  in 
measuring  the  pressures  exercised  or  transmitted,  to  take  into  account 
the  pressures  which  proceed  from  the  force 
of  gravity,   or  that  which    the   liquid   ex- 
ercises on    itself   or    on    the  walls  of  the 
vessel  by  its  own  weight     The  experiment 
shown    in    Fig.   36,   and    actually    realizetl 
in  the  hydraulic  press,  is  an  evident  con- 
sequence of  Pascal's  principle. 

We  have  seen — and  it  is  a  fact  which 
every  one  can  prove  by  observation — that  vn.  s;  -The  pruMon  ..i-niMd 
the  direction  of  the  plumb-line  is  perpen-  iSuiSSl'itidVMiir  in  .vwy 
diciilar  to  the  surface  of  a  liqiud  at   rest. 

It  can  lie  easily  understood  that  it  coul<l  not  be  otherwise.  In 
fact,  when  the  surface  of  a  liquid  is  not  plane  and  horizontal,  a 
particle  such  as  m  (Fig.  ;i8)  finds  itself  on  an  inclineil  plane, 
and,  in  virtue  of  tiie  mobility  pro[)er  to  liquids,  it  glides  along  the 
plane  under  the  infiuence  of  its  own  weight.  Equilibrium  will 
Ite  impossible  until  the  cause  of  the 
agitation  of  tlie  liquid  having  ceiised, 
tlie  surface  Incomes  by  degrees  level, 
and  is  exactly  ]ilane  or  horizontal. 
The  large  liquid  surfaces  of  the  seas, 
lakes,  and  of  pools  even,  are  rarely  in 
rejiose.  The  agitations  of  the  air,  high 
wiuds,  or   light   breezes,  are  sufftcient 

to  produce  those  multitudes  of  moving  prominences,  which  ai* 
called  waves,  or  simple  ripples.  But  if,  instead  of  taking  into  con- 
sideration a  small  portion  only,  we  embrace  with  the  sight  or  in 
thought  an  extent  of  sufficient  radius, — or  if  we  contemplate  this 
extent  from  a  considerable  distance, — the  inequalities  are  efl'aced  on 
the  whole ;  the  li([uid  appears  to  be  at  rest ;  and  its  surface  is 
clearly  a  horizontal  plane. 

We  must  always  bear  in  mind  that  the  earth  is  spheroidal ;  that 
the  verticals  of  the  different  places  are  not  parallel ;  that  the  real 
surfaces  of  the  seas  and  great  lakes  participate  in  its  cun'ature,  as 
is  proved   hy  various  optical   phenomena  described   in   one  of  our 
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preceding  works."  But  this  only  goes  to  coufirm  the  essential 
condition  of  tlie  e<)uilibrium  of  a  liquid  contained  in  a  vessel  and 
submitted  to  the  action  of  the  force  of  gravity  only. 

The  exterior  surface  of  a  liquid  in  equilibrium  is  always  level, 
or  plane  and  liorizontal.  This  is  on  the  exterior.  Let  us  now  see 
what  happens  in  the  interior.  Each  liquid  particle  possessing 
weight,  it  may  be  considered  as  a  pressure  exercised  vertically,  and 
ought  to  transmit  itself  in  every  direction  to  the  other  portions 
of  the   liquid,  and   to  the   walls  of    the   vessel    which   contain   it. 


What  is  the  resultant  of   the   pressure  of   all   the   particles  ?     The 
following  experiment  will  answer  this  question. 

Let  113  take  a  cylindrical  vessel,  without  a  bottom,  supported  by 

a  tripod  of  a  certain  lieight  (Fig.  39).     A  flat  disc,  in  the  form  of 

a   plate,  suspended   by  a  wire   attached   to   one  of  the  arms  of  a 

balance,  is  applied  exactly  to  the  lower  edges  of  the  cylinder,  so 

■  See  "  The  Heftvens." 
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as  to  form  a  bottom  to  it.  In  the  other  scale  a  counterpoise  is 
placed  equal  to  the  difference  between  the  weight  of  the  cylinder 
and  that  of  the  disc.  Lastly,  standard  weights  are  added,  which 
cause  the  disc  to  press  against  the  bottom  edge  of  the  cylinder. 
Water  is  then  poured  into  the  latter.  The  pressure  of  the  liquid 
on  the  moveable  bottom  by  degrees  increases ;  when  it  has  become 
equal  to  the  added  weights,  the  least  excess  of  liquid  detaches  the 
disc,  and  the  water  flows  out.  But  the  pressure  diminishes  by  this 
outflow,  and  the  disc  again  adheres  closely  to  the  cylinder.  A 
pointer  which  touches  the  surface  of  the  water  marks  its  level  at 
the  moment  of  equilibrium. 

It  is  seen  from  this  first  experiment,  that,  as  we  should  expect, 
the  jpressfwre  exercised  on  the  bottovi  of  tJte  vessel  is  precisely  eqiud  to 
the  weight  of  the  liquid. 

If  now  we  repeat  the  experiment  with  a  vessel  with  the  same 
sized  orifice  at  bottom  as  the  cylinder,  but  wider  at  the  top,  and 
consequently  of  much  greater  volume,  we  find  identically  the  same 
result — that  is  to  say,  the  same  weight  counterpoises  a  colunm  of 
liquid  of  the  same  height.  The  result  is  the  same  if  a  vessel  nar- 
rowed at  the  top  is  employed,  provided  that  the  surface  of  the  base 
remains  the  same. 

Thus,  the  pressure  exercised  by  the  weight  of  a  liquid  on  the 
bottom  of  the  vessel  which  contains  it  is  independent  of  the  form 
of  the  vessel,  but  proportional  to  the  height  of  the  liquid,  and  lastly, 
equal  to  the  weight  of  a  liquid  column  of  the  same  height,  having 
the  bottom  of  the  vessel  for  a  base. 

The  experimental  demonstration  of  the  first  part  of  this  law 
may  also  be  shown  by  the  aid  of  Haldat's  apparatus;  but  the 
measure  of  the  pressiu'e  is  not  directly  given,  as  in  the  first  method. 
It  is  shown  by  the  elevation  of  a  column  of  mercury  in  a  tube, 
as  shown  in  Fig.  40. 

K,  instead  of  inquiring  the  degree  of  pressure  on  the  bottom 
of  the  vessel,  we  wished  to  find  that  exercised  on  the  surface  of 
a  liquid  stratum,  or  the  sides  of  the  vessel,  this  pressure  would  be 
found  to  be  the  same,  with  equal  surfaces  and  the  same  depth ;  for 
it  is  also  measured  by  the  weight  of  a  vertical  liquid  column,  having 
the  pressed  surface  for  its  base,  and  for  its  height  the  distance  of 
the  stratum  from  the  surface  of  the  liquid. 
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The  following  expenment  demonstrates  this  law  in  the  case  of  a 
surface  taken  on  an  interior  horizontal  stratum : — 

A  cylinder,  open  at  the  two  ends,  and  furnished  with  a  disc 
or  moveable  covering,  which  serves  it  aa  a  bottom,  is  plunged 
vertically  into  a  vessel  full  of  water  (Fig,  41).  The  hand  is  oh%ed 
Ui  exert  an  effort  in  introducing  the  cylinder,  which  proves  that  the 
liquiil   exercises  an  upward  pressure  which  holds  the  disc  against 


the  ydges  of  the  cylinder  and  prevents  the  water  &om  getting  in. 
If,  now,  water  is  jwured  into  the  tube,  equilibrium  continues  as 
long  as  the  interior  level  is  lower  than  the  exterior  ona  At 
tlie  moment  when  cquahty  is  attained  in  the  levels,  and  even  a 
little  before,  on  account  of  the  weight  of  the  disc,  the  latter 
gives  way,  and  equilibrium  is  destroyed.  The  same  result  is 
always  produced  to  whatever  depth  the  cylinder  i 
Hence  this  lawi — 
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In  a  liquid  in  equilibrium  under  the  sole  action  of  the  farce  of 
gravity,  the  pressure  on  a  definite  point  of  the  sanie  horizontal  stratum 
is  constant;  it  is  measured  by  the  weight  of  a  liquid  column  having  for 
base  the  area  of  the  surface  under  pressure,  and  for  height  the  vertical 
depth  of  the  stratum. 

The  lateral  pressures  on  the  walls  are  measured  in  the  same  way. 
It  must  be  added  that  their  pressure  is  always  exerted  normally, 
that  is  to  say  perpendicularly  to  the'surface  of  the  walls,  so  that  it  is 
exerted  in  a  direction  contrary  to  the  action  of  gravity,  if  the  wall  is 
horizontal  above  the  liquid. 


Fio.  41. — Pressure  of  a  liqaid  on  a  horizontal 

stratum. 


Fig.  42.— The  prfHuureM  «»f  liqiiidit  are  iionual 
to  the  walLt  of  tlie  coutaiuiug  vesseL 


We  will  give  some  experiments  which  prove  the  existence  and  the 
directions  of  these  pressures. 

A  cylinder  (Fig.  42)  is  terminated  by  a  very  thin  metallic  ball 
pierced  with  holes  in  all  directions.  If  it  be  filled  with  water,  it  will 
be  seen  to  spout  out  through  all  the  orifices,  and  the  direction  of  the 
jet  is  always  normal  to  the  portion  of  surface  whence  it  escapes.  In 
the  rose  of  a  watering-can  the  water  escapes  in  virtue  of  this  property 
of  liquids  to  press  laterally  against  the  walls  of  the  vessels  which 
contain  them. 

The  hydraulic  tourniquet  shows  the  lateral  pressure  exerting  itself 
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both  iQ  two  opposite  directions  at  the  two  extremities  of  a  doubly 
curved  horizontal  tube  (Fig.  43).  If  this  tube  were  not  open,  the 
hiteral  pressure  on  the  end  would  be  counterbalanced  by  an  equal  and 
contrary  pressure  at  the  elbow,  and  the  instmment  would  remain  at 


rest;  but  the  oritices  at  each  extremity  permit  two  liquid  jeta  to  escape, 

and  ua  the  pressure  on  each  elbow  is  no  longer  counterbalanced,  a 

backward  movement  follows  and  a  rotation  of  the  tube  is  set  up. 

The  pressnrea,  lateml  or  otherwise,  exerted  normally  on  the  walls 

explain  all  that  is  peculiar  in  the 


!--.. 


equality  of  pressure  on  the  bottom 
of  vessels  of  different  forms.  In 
a  wide-mouthed  conical  vessel, 
the  lateral  walls  support  the  ex- 
cess of  the  total  weight  of  the 
liquid  over  that  of  the  column 
wliich  measures  the  pressure  on 
the  bottom.  In  a  narrow-topped  vessel,  the  walls  are  subjected  to 
pressures  in  a  dii'Cction  opposed  to  that  of  the  force  of  gravity,  and 
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the  amount  of  tliis  pressure  la  precisely  equal  to  that  which  is 
wanting  to  form  the  liquid  cylinder,  the  weight  of  which  is  equivalent 
to  the  pressure  on  the  horizontal  bottom  of  the  vessel  (Fig.  44). 

Thus  is  explained  the  phenomenon,  which  at  fir»t  tippeaiB  so  singular, 
of  liquid  colomns 
very  different  in 
weight  when  they 
are  measured  in 
the  scale  of  a  ba- 
lance, nevertheless 
exerting  the  same 
pressure  on  a  unit 
of  surface  in  the 
bottom  of  a  vessel, 
if  the  weight  of  the 
liquids  be  equal. 
Pascal  proved  this 
fact,  which  is 
called  the  hydro- 
static paradox.  He 
burst  the  staves  of 
a  solidly  construc- 
ted barrel,  filled 
with  water,  the 
bung-hole  of 
which  was  sur- 
mounted by  a  very 
narrow,  high  tube, 
and  he  did  this 
by  simply  filling 
this  tube  with 
water;  that  is  to 
say,  by  adding  to 
the  whole  weight 
an  insignificant 
addition  (Fig.  45),  The  walls  of  the  barrel  had  to  support  the 
same  pressure  as  if  they  had  been  surmounted  by  a  moss  of  water 
having  a  base  equal  to  the  bottom  of  the  barrel  and  the  same  height 
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as  the  length  of  the  column  of  water  in  the  tube.  One  kilogramme 
of  water  can  produce,  in  this  manner,  the  same  effect  as  thonsauda 
of  kilc^rammes. 

If,  in  the  same  vessel,  we  introduce  liquids  of  various  densities,  not 

susceptible  of  mixing — for  example,  mercury,  water,  and  oil — these 

liquids  will  range  themselves  in  the  order  of  density.     Moreover, 

when  equilibrium  is  established  (Fig.  46), 

the    separating    soifaces  are  plane  uid 

horizontaL 

This  experimental  &ict  might  be  fore- 
seen, for  the  equilibrium  of  a  single  liquid 
insisting  upon,  as  we  have  before  seen,  a 
hoiizontality  of  surface,  this  equilibrium 
is  not  broken,  when  this  surface  also 
supports  at  every  point  a  pressure  due 
to  a  superposed  liquid. 

It  is  possible,  with  great  precautions, 

to  obtain  equilibrium  with  two  liquids  of 

nearly   equal   densities,  by  placing    the 

F  a.  41.  -  Equiiihrinm  of  iDwrpoHd  heavicT  ouc  uppenoost,  hut  the   equili- 

brium  is  unstable,  and  the  least  agitation 

again  establishes  the  order  of  densities. 

This  is  the  reason  of  the  existence,  in  the  fiords  or  gulfs  on  the 
Norwegian  coasts,  of  the  sheets  of  fresh  water  brought  by  the  rivers, 
which  have  been  observed ;  these  maintain  themselves  on  the  surface 
of  the  salt  water  without  mixing  with  it,  although  sea-water  is 
heavier  than  fresh  water.  Vogt  records  that  in  one  fiord  one  of 
these  sheets  was  1~.  50  deep.  This  phenomenon  is  only  possible 
in  calm  loc:dities,  as  the  agitation  caused  by  winds  would  soon  mix 
the  fresh  water  with  the  salt  The  same  fact  has  been  noticed  in 
the  Thames,  the  tides  bringing  the  sea-water  to  a  great  distance  in 
the  bed  of  the  river. 

The  equilibrium  of  a  liquid  contained  in  a  vessel  and  submitted 
to  the  action  of  gravity  alone  is  independent  of  the  form  of  the 
vessel.  Hence  this  very  natural  consequence,  that  a  liquid  rises  to 
the  same  height  in  two  or  more  vessels  which  communicate  one  with 
the  other.  Experiment  shows  that  the  level  is  always  the  same  in 
different  tubes  or  vessels  connected  together  by  a  ti^be  of  any  form 
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-whatever,  provided  alwnje  that  the  diameter  of  each  be  not  too 
Bmall  (Fig.  47). 

It  is  this  principle  which  serves  as  a  basis  to  the  theory  of  arte- 
sian wells,  the  construction  of  the  fountains  wliich  play  in  public 
or  private  gardens,  and  the  distribution  of  water  in  our  towns. 
We  shall  return  to  these  interesting  applications  in  another 
volume.  It  is  the  principle  only  wliich  interests  us  here.  The 
water  wliich  arrives  at  the  orifice  of  an  artesian  well,  often  proceeds 
from  very  distant  reservoirs,  forming  as  it  were  subterranean  rivers, 
the  level  of  which,  at  the  source,  is  higher  than  at  the  point  of 
outflow.     The  pressure  is  thus  transmitted  to  a  distance,  and  the 


jet  which  follows  would  rise  precisely  to  the  same  height  as  the 
original  source,  were  it  not  for  the  resistance  of  the  air  and  the 
friction  to  which  the  ascending  column  is  subject  in  its  passage. 
The  same  thing  happens  with  the  jets  of  water  fed  l>y  a 
reservoir  higher  than  the  basin  and  communicating  with  it  by 
subterranean  pipes. 

If  two  communicating  vessels  contain  liquids  of  diffcteut  den- 
sities, the  heights  are  no  longer  equal  (Fig.  48). 

Let  us  first  try  mercury.  The  level  will  be  established  in  the 
two  tubes  at  the  same  height.     In  the  left-hand  tube,  let  us  now 
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pour  water.  The  mercury  irill  rise  in  the  right-hand  tube,  under 
the  influence  of  the  piesaure  of  the  new  liquid.  Equilibrium  having 
been  established,  it  is  easily  proved  that  the  heights  of  the  level 
of   the   «-ater  aod  of  the  mercury,  measured   Irom   tlieir   common 


plane  of  separation,  are  in  the  inverse  ratio  of  their  densities.  For 
Bxample,  if  tlie  mercury  rises  3  millimetres,  the  column  of  water 
will  liave  a  length  of  408  millimetres;  that  is  to  say,  a  length 
130  times  greater.  Now,  a  volume  of  water  weighs  136  times  less 
timn  an  equal  volinne  of  iiiei-cui-y. 
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CHAFTER  Vir. 

KQnMBRlUM   OF   BODIES   IMMERSED   IN   LIQUIDS. — PRINCIPLE   OF 

ARCHIMEDES. 

Pressure  or  loss  of  weij^ht  of  immersed  bodies. — Principle  of  Archimedes. — Experi- 
mental demonstration  of  this  principle. — Equilibrium  of  immersed  and  floating 
bodies. — Densities  of  solid  and  liquid  bodies  ;  Areometers. 

T71VEEYB0DY  knows  that  when  we  immerse  ia  water  a  sub- 
■"^-^  stance  lij^^liter  than  itself, — a  piece  of  wood,  or  cork,  for 
instance, — it  reciiiires  a  certain  effort  to  keep  it  there.  If  left  to 
itself,  it  rises  vertically  and  comes  to  the  surface,  where  it  floats, 
partly  in  and  partly  out  of  the  water. 

What  is  tlie  cause  of  tliis  well-known  phenomenon  ?  The  fon^e 
of  gravity.  In  tlie  air,  tlie  same  hody  left  to  itself  falls  vertically ; 
in  water,  the  lateral  pressures,  tlie  downward  pressures,  and  those 
in  tlie  contrary  direction,  are  partly  destroyed,  and  are  reduced  to 
a  pressure  wliich  is  exerted  in  a  direction  contmry  to  the  force  of 
gra\'ity.  We  have  ])roved  the  existence  of  tliis  pressure  in  an  ex- 
periment l>efore  described  (Fig.  41).  It  is  stated,  and  experiment 
confirms  the  theory,  tliat  this  pressure  is  precisely  ecjual  to  tho 
weight  of  the  liquid  displaced.  The  ])oint  of  application  of  tliis 
force,  which  is  called  the  centre  of  /nrsf^Hre,  is  the  centre  of  gi-avity 
of  the  volume  of  liquid,  the  place  of  whicli  is  occuj^ed  by 
the  body.  The  loss  of  weight  of  which  we  speak  being  greater, 
for  bodies  lighter  than  water,  than  the  weight  of  the  body  itself, 
it  is  evident  that  it  must  cause  the  l)ody  to  move  in  a  direction 
opposite  to  thfit  wiiich  gravity  would  impose  on  it;  hence  the 
rising  of  the  piece  of  wood  or  cork  to  the  surface  of  the  liquid. 
But  tliis  loss  occurs  also  in  the  case  of  bodies  heavier  than  water, 
and  in  any  kind  of  liquid.     Every  one  knows  that  it  was  Archi- 
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medea,  one  of  the  greatest  geometera  and  physicists  of  antiquity, 
who  had  the  glory  of  discovering  this  principle,  which  is  known  by 
bis  name : — 

All  hodies  immersed  in  a  liquid  suffer  a  loss  of  weight  predMly 
eqxuil  to  the  weight  of  the  displaced  liquid. 

The  experimental  demonstratioD  of  the  principle  of  Archimedes 
is  made  by  means  of  tlie  hydrostatic  balance. 

Take  a  hollow  cylinder,  the  capacity  of  which  is  exactly  equal  to 
the  volume  of  a  solid  cylinder,  so  that  the  latter  can  exactly  fill  the 


former.  Both  are  furnished  with  hooks,  so  that  the  solid  cylinder  can 
be  placed,  with  the  hollow  one  above  it,  below  one  of  the  pans  of  the 
hydrostatic  balance  (Fig.  49).  This  done,  the  beam  ia  raised  by 
means  of  rackwork  fitted  to  the  column  of  the  balance,  high  enough 
to  permit  a  vessel  filled  with  water  to  be  placed  beneath  the  two 
cylinders,  when  the  beam  is  horizontal. 

In  this  state,  equilibrium  is  established  by  the  aid  of  a  counter- 
poise in  the  other  scale.     If  then  the  beam  of  the  balaace  is  lowered. 
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the  solid  cylinder  is  immeraed  in  tlie  water,  and  equilibrium  is  dis- 
turbed. This  alone  would  suffice  to  demonstrate  the  vertical  pressure, 
or  the  loss  of  weight  of  the  immersed  body.  To  measure  this  weight, 
the  solid  cylinder  itself  is  placed  entirely  in  the  water,  and  equili- 
brium is  re-estabhshed  by  pouring  water  slowly  into  the  hollow 
cylindrical  vessel  It  will  then  be  seen  that  the  beam  will  again 
become  horizontal,  as  soon  as  the  hollow  cylinder  is  quite  filled. 

Thus  the  loss  of  weight  is  exactly  equal  to  the  weight  of  the 
water  poured  in,  that  is  to 
say,  the  water  displaced  by 
the  immetsed  body.  The 
preceding  experiment  then 
fully  proves  the  principle 
of  Archimedes. 

How  is  it  then  that  equi- 
librium is  not  disturbed, 
when,  after  having  exactly 
balanced  a  vessel  containing 
liquid  and  a  solid  body 
placed  side  by  side  on  the 
plate  of  a  balance,  the  solid 
body  is  immersed  in  the 
water  ?  The  solid  body  loses 
weight,  as  has  been  proved. 
Nevertheless  the  equilibrium 
remains.  It  must  be  tliat 
the  vessel  and  its  contents 
have  been  increased  by  an 
equivalent  weight,  or  that, 
to  put  it  another  way,  the 
water  undergoes  from  above  ' 
downwards  a  pressure  equal 
to  that  at  work  upwards.  That  this  explanation  is  correct  is  proved 
by  the  aid  of  the  apparatus  above  described. 

A  vessel  partly  filled  with  water  is  weighed.  Tlien  the  solid  cylinder 
is  immersed,  supported  separately,  as  is  shown  in  Fig.  50.  Equili- 
brium is  disturbed :  the  beam  leans  to  the  side  of  the  vessel.  By 
how  much  is  the  weight  of  the  water  augmented  by  the  immersion  ? 
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Precisely  by  the  weight  of  the  displaced  water :  as  is  proved  by  the 
fact  that,  in  order  to  again  establish  equilibrium,  it  is  sufficient  to  take 
from  the  vessel  a  volume  of  water  exactly  sufficient  to  fill  the  hollow 
cylinder  of  the  same  interior  capacity  as  the  body  immersed. 

The  principle  of  Archimedes  is  of  great  importance.  It  enables  us 
to  determine  the  conditions  of  equilibrium  with  immersed  or  floating 
bodies,  to  explain  numerous  hydrostatic  phenomena,  and  to  solve  a  host 
of  problems  of  great  practical  interest.  For  example,  it  enables  us  to 
determine  l)eforehand  what  must  be  the  form,  weight,  and  distribution 
of  the  cargo  of  ships,  in  order  that  stable  equilibrium  be  properly 
combined  with  the  other  qualities  of  the  vessel,  such  as  rapidity,  &c. 

At  each  instant  we  have,  in  the  phenomena  which  take  placet  in 
liquids,  proofs  of  the  existence  of  pi-essure.  When  we  take  a  bath,  if 
we  compare  the  eflbrt  which  is  necessary  to  raise  one  of  our  limbs  to 
the  top  of  the  water,  with  that  which  it  requires  in  air,  we  are  struck 
with  the  difference.  Very  heavy  stones,  that  we  should  have  great 
trouble  to  lift  out  of  water,  are  moved  and  lifted  with  facility  when 
they  are  immersed  in  it.  Lastly,  when  we  walk  into  a  river  which 
imperceptibly  gets  deeper,  we  feel  the  pressure  of  our  feet  on  the 
bottom  diminish  by  degrees,  imtil  at  last  we  no  longer  have  any 
power  to  walk  forward.  The  weight  of  our  body  is  nearly  counter- 
balanced by  the  pressure  of  the  liquid,  and  we  tend  to  take  a 
horizontal  position  in  consequence  of  the  unstable  equilibrium  in 
which  we  find  ourselves. 

This  brings  us  to  say  a  few  words  on  the  conditions  of  equilibrium 
of  bodies  immersed  in  liquids  or  capable  of  floating  on  their  surface. 

It  is  at  once  evident  that  an  immersed  body  cannot  be  in  equili- 
brium if  its  weight  exceeds  that  of  an  equal  volume  of  the  liquid. 
In  this  case  it  falls,  under  the  action  of  the  excess  of  weight  over 
pressure.  Neitlier  will  it  remain  in  equilibrium  if  its  weight  is  less 
than  the  displaced  liquid:  in  this  case  it  will  rise  to  the  surface, 
urged  by  the  excess  of  j)ressure  over  its  weight  or  over  the  force 
of  gravity.  It  is  thus  that  cork,  wood — at  least  certain  kinds  of 
wood — wax,  and  ice,  swim  on  the  surface  of  water,  whilst  most  of 
the  metals,  stones,  and  numerous  other  substances  fall  to  the  bottom. 
Since  mercury  is  a  liquid  of  great  density,  most  of  the  metals  float 
on  its  surface.  A  leaden  ball,  a  piece  of  iron,  or  copper  will  not  sink 
in  it ;  gold  and  platinum,  on  the  contrary,  will. 
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We  will  now  examine  the  case  of  a  body,  the  specific  gravity  of 
which  is  precisely  equal  to  that  of  the  liquid.  If  its  substance  is 
perfectly  homogeneous,  the  body  will  remain  in  equilibrium,  in 
whatever  position  it  is  placed,  in  the  middle  of  the  liquid  In  this 
case,  the  weight  and  the  pressure  not  only  are  equal  and  opposite, 
but  are  both  applied  at  the  same  point ;  that  is  to  say,  the  centre  of 
gravity  and  the  centre  of  pressure  coincide. 

Fish  rise  and  fall,  at  will,  in  water.  These  different  movements 
are  rendered  possible  by  the  faculty  these  creatures  have  of  com- 
pressing or  expanding  a  sort  of  elastic  bag  filled  with  air,  situated  in 
the  abdomen.  According  to  the  volume  of  the  swimming-bladder — 
that  is  the  name  of  the  organ — ^the  body  of  the  fish  is  sometimes 
lighter  and  sometimes  heavier  than  the  volume  of  water  which 
it  displaces :  in  the  first  case  it  rises,  in  the  second  it  descends. 
M.  Delaunay  quotes,  in  his  Course  of  Physics,  a  very  curious  phe- 
nomenon which  is  very  easily  explained  by  the  principle  of  Archi- 
medes. "  AVhen,"  he  says,  "  a  grape  is  introduced  into  a  glass  full 
of  champagne,  it  immediately  falls  to  the  bottom.  But  the  carbonic 
acid,  which  continually  escapes  from  the  liquid,  soon  forms  many 
little  bubbles  round  it.  These  bubbles  of  gas  add,  so  to  speak, 
to  the  bulk  of  the  grape,  increase  its  volume,  without  its  weight 
being  sensibly  augmented :  the  pressure  of  the  liquid,  which  was 
at  first  less  than  the  weight  of  the  grape,  soon  becomes  greater 
tban  this  weight,  and  the  grape  rises  to  the  surface  of  the  liquid. 
If,  then,  we  give  a  little  jerk  to  the  grape,  and  detach  from  it  the 
bubbles  of  carbonic  acid  which  adhere  to  its  surface,  it  again  descends 
to  the  bottom  of  the  glass,  after  a  short  time  to  remount.  The 
experiment  may  thus  be  continued  as  long  as  any  carbonic  acid 
escapes." 

If  the  immersed  body  is  not  honjogeneous, — if,  for  example,  it  is 
made  of  cork  and  lead,  the  substances  having  been  combined  in  such 
a  manner  as  to  weigh  together  as  much  as  the  displaced  water 
(Fig.  51),  without  having  a  common  centre  of  gravity,  the  centre 
of  gravity  of  the  whole  and  the  centre  of  pressure  no  longer 
coincide.  To  establish  equilibrium  these  two  points  must  be  in 
the  same  vertical  plane,  as  in  the  positions  1  and  2,  or  otherwise 
equilibrium  will  be  unstable,  if,  as  in  2,  the  centre  of  gravity  is 
uppermost.     In  position  3,  this  condition  not  being  realized,  equili- 
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brium  will  only  take  place  when  the  oscillations  of  the  body  bring 
it  to  the  first  position. 

When  a  body  displaces  a  volume  of  liquid,  the  weight  of  which 
is  greater  than  its  ovm,  either  in  consequence  of  its  real  volume 
or  of  its  form,  it  floats  on  the  surface. 

In  this  case,  the  weight  of  the  water  which  the  portion  inunersed 
displaces  is  precisely  that  of  the  body  and  the  load  which  it 
supports:  thus  a  ship,  with  its  cargo  of  men,  materials,  and  mer- 
chandise, weighs  altogether  just  as  much  as  the  volume  of  the  sea- 
water  displaced. 

Moreover,  the  second  condition  of  equilibrium  is  still  the  same ;  that 
is  to  say,  the  centre  of  gravity  of  the  body  and  the  centre  of  pressure 
must  be  on  the  same  vertical  line.  But  it  is  no  longer  indispensable  to 
stability,  that  the  first  point  be  below  the  other.     Besides,  according 


Fig.  61.— Equilibrium  of  a  body  immersed  in  a  liquid  of  the  same  density  as  its  own. 


to  the  position  and  the  form  of  the  floating  body,  the  form  of  the 
displaced  volume  itself  changes,  and  the  centre  of  pressure  changes 
with  it,  so  that  at  each  instant  the  conditions  of  equilibrium  vary. 

In  ships,  perfect  equilibrium  never  exactly  exists,  even  when  the 
sea  is  smooth  and  calm.  Oscillations  of  greater  or  lesser  amplitude 
are  always  taking  place ;  the  principal  point  to  attain  is  that,  imder 
the  most  unfavourable  circumstances,  the  movements  of  the  vessel 
shall  not  be  decided  enough  to  upset  it. 

The  principle  of  Archimedes  is  of  the  greatest  use  in  science,  in 
determining  the  specific  gravity  of  liquid  or  solid  bodies.  Let  us 
briefly  indicate  the  methods  adopted  for  this  determination. 
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Let  us  remember  that  the  specific  gravity  of  a  body  is  the  rela- 
tion which  exists  between  its  weight  and  that  of  an  equal  volume  of 
pure  water  taken  at  a  temperature  of  4  degrees  centigrade.  How  can 
we  find  the  number  which  expresses  the  specific  gravity  of  a  body  ? 
First,  we  must  obtain  its  weight:  for  this  the  balance  is  used.  Secondly, 
we  must  know  the  weight  of  an  equal  volume  of  water :  the  opera- 
tions necessary  for  this  determination  will  be  described  in  the  sequel. 
These  two  numbers  obtained,  the  quotient,  the  first  divided  by  the 
second,  gives  the  specific  gravity. 

The  only  diflSculty  is  then  to  find  the  weight  of  a  volume  of  water 
eqnal  to  that  of  the  body.  We 
will  explain  the  three  methods 
employed.  Let  us  take  the  case 
of  a  piece  of  iron  weighing  in 
the  air  246'5  gr.  It  is  sus- 
pended by  a  very  fine  cord  to 
one  of  the  plates  of  the  hydro- 
static balance,  and  to  establish 
equilibrium  a  counterpoise  is 
placed  in  the  other  plate.  Then 
the  balance  is  lowered  until  the 
piece  of  iron  is  immersed  in 
the  water  (Fig.  52).  At  this 
moment  the  beam  falls  on  the 
side  of  the  tare,  and  it  is 
necessary  to  put  weights  equal 
to  31*65  gr.  in  the  plate  which 
holds  the  body,  to  re-establish 
equilibrium.  These  weights  re- 
present the  displaced  water.  On 
dividing  2465  by  31-65,  7788 
is  found  to  be  the  specific 
gravity  of  the  iron,  which  shows 

that  for  equal  volumes  the  iron  weighs  7  and  788  thousandths  times 
as  much  as  water.     We  now  come  to  the  second  method. 

Fig.  53  represents  an  instrument  called  an  areometer,^  which  was 

^  From  the  Greek  apaioSf  right,  and  fiirpovy  measure.  Areometers  were  first 
used  to  determine  the  densities  of  liquids,  as  we  shall  see  further  on. 


Fio.  52.— Density  of  solid  bodies.    Method  of  the 
hydrostatic  balance. 
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invented  by  the  physicist  Cliaries,  although  it  is  generally  attributed 
to  Nicholson ;  it  is  constructed  so  that  when  placed  in  water  the 
liquid  ia  precisely  level  with  a  standard  point  on  its  upper  rod,  when 
the  pan  which  surmounts  this  rod  is  charged  with  a  known  weight, 
let  us  say  100  grarames.  We  place  the  body  whose  specific  gravity 
is  sought  for  in  the  little  pan  at  the  top,  and  standard  weights 
are  added  to  obtain  the  level  If,  for  instance,  3d'8  gr.  have  been 
added,  the  difference,  642  gr.,  of  this  last  weight  and  the  100  grammes 
evidently  gives  tlie  weight  of  the  body  in  air. 

From  what  bas  been  said  it  will  be  seen  that  the  areometer  is  a 
true  balance. 


The  body  is  next  taken  out  of  the  upper  pan,  and  is  placed  in  the 
little  vessel  suspended  under  the  instrument ;  it  loses  some  of  its 
weight,  so  that  tlie  areometer  rises,  and  more  standard  weights  must 
be  added  to  bring  it  again  to  the  level :  let  us  suppose  31  grammes 
added — tliis  is  the  weight  of  a  volume  of  water  equal  to  that  of  the 
body.  Dividing  642  by  31,  we  find  2  07  the  ratio  sought  (the 
specific  gravity  of  sulphur). 
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la  the  case  where  tiie  body  is  lighter  thau  water,  the  small  basket 
is  reversed  over  it,  and  the  body,  which  pressure  causes  to  rise, 
meetiug  with  an  obstacle,  still  remains  immersed. 

A  third  method  to  determine  the  specific  gravities  of  bodies  is  that 
of  the  "  specific  gravity  bottle."  Placed  in  the  pan  of  a  balance  is 
the  fn^ment  of  a  body  the  weight  of  which  is  known,  but  of  which 
the  specific  gravity  is  sought,  and,  by  its  side,  a  flask  exactly  filled 
with  water  and  well  stopped  by  mcana  of  a  ground  stopper  (Fig.  54), 
Etiuilibriutn  is  obtained   by  standard   weights.     Tlie  body  is  then 


'Dciult7uIIh|Uid&     llyiJioniitli:  UbIihk 


■peciAi;  graTlt;  bottlB. 


introduced  ioto  the  fiask,  which  is  again  stopped,  care  having  been 
taken  to  push  the  stopper  to  the  same  level  A  certain  quantity 
of  water  bas  come  out,  the  volume  of  which  is  precisely  equal  to 
that  of  the  body  which  takes  its  place.  After  having  well  dried 
the  fiask,  it  is  replaced  in  the  pan  of  the  balance,  and  the  weights 
required  to  restore  equilibrium  give  the  weight  of  the  water  expelled. 
Having  the  weights  of  equal  volumes  of  the  substance  and  of  water, 
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its  specific  gravity  is  easily  deterraiiied.  This  process  is  not  an 
application  of  the  principle  of  Archimedes,  like  the  first  two. 

These  three  methods  require  some  precautions ;  the  body  im- 
mersed in  the  water  retains,  adhering  to  its  surface,  air-bubbles  which 
ninst  he  removed.  If  the  body  easily  absorbs  water,  or  even  dis- 
solves in  it,  another  liquid  is  used — oil,  for  example — in  which  case 
we  must  determine  the  density  of  the  body  relatively  to  the  oil,  to 
that  of  water,  which  presents  no  difficulty. 

The  specific  gravity'  of  liquids  is  determined  by  processes  ana- 
logous to  those  we  have  just  described.  A  hollow  glass  ball,  bal- 
lasted so  that  it  is  heavier  than  the  liquids  to  be  weighed,  is  hooked 
uu(k-r  the  pan  of  tlie  hydrostatic  balance  (Fig.  55V 


II.  M.— SpKlflc gnrlly  of  llquldi.    Filinolieil'i 


Weighed  in  air  and  then  in  water,  the  diETerence  of  the  weights 
gives  the  weight  of  a  volume  of  water  equal  to  ita  own.  Well  dried 
aud  weighed  in  tlie  liquid  of  which  the  specific  gravity  is  wanted, 
this  second  difference  gives  the  weight  of  an  equal  volume  of  the 
liquid.  Dividing  the  latter  by  the  former,  the  quotient  is  the  specific 
gravity  sought.  Fahrenheit's  areometer  (F^.  56),  immersed  in  water, 
requires  a  given  weight  to  be  placed  on  it,  bo  that  a  fixed  standard 
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point  on  its  rod  is  level  with  the  surface  of  the  liquid.  It  is  clear  that 
this  additional  weight,  together  with  that  of  the  instrument,  marks  the 
weight  of  the  volume  of  water  displaced.  Immersed  in  another  liquid, 
in  oil  for  example,  we  obtain  in  the  same  way  the  weight  of  a  volume 
of  oil  equal  to  the  volume  of  water.  The  division  of  the  second  weight 
by  the  first  gives  the  specific  gravity  of  the  oil.  Lastly,  with  a  flask 
terminated  by  a  straight  tube  (Fig.  57),  which  is  successively  filled  with 
water  and  some  other  liquid  as  far  as  the  standard  mark  on  the  stem, 
the  weight  of  the  two  equal  volumes  of  water  and  the  liquid  are 
found,  and  thence  the  specific  gravity. 

We  give,  to  terminate  this  chapter,  a  table  of  the  specific  gravities 
of  some  of  the  most  common  solid  and  liquid  bodies.  As  we  shall 
soon  see,  the  volumes  of  the  bodies  vary  according  to  the  degree  of 
temperature  at  which-  they  are  determined.  These  variations  do 
not  affect  their  weight,  but  precisely  on  that  account  the  specific 
gravity  of  the  body  is  variable.  It  has  therefore  been  necessary  to 
reduce  them  to  a  constant  temperature.  For  water  only,  this  tem- 
perature is  4*"  C.  ;  for  all  the  other  solid  and  liquid  substances,  it  is 
convenient  to  take  that  of  melting  ice,  or  0""  C. 

SPECIFIC  GRAVITIES  OF  DIFFERENT  BODIES  AT  U*  C. 


Metals. 

RoUed  platinum  .  .  22  06 

Cast  gold 19*26 

Caiitlead 11-35 

Cast  silver 10*47 

Drawn  copper  wire .  8  "9 5 

Cast  ditto 8-85 

Iron 779 

Tin 7-29 

Aluminium    ....  2*67 


Solids. 

MineralH,  Roc-ks,  &•■. 

Diamond 3*53 

Marble    .  .  .   2  65  to  2  84 

Granite 2*75 

Sandstone 2  60 

Quartz 265 

Glass 2-50 

Porcelain 2*24 

Sulphur 2-08 

Iroat  0' 0-93 


Vegetables.  A'o. 

Boxwood 1  32 

Heart  of  oak.   .   .  .   1*17 
Black  ebony  .   .  .  .   1"19 

Oak 0-91 

Beech 0*75 

Willow 0-49 

Poplar 0-39 

Cork 0-24 

Elder  pith 0  08 


Mercury 13-696 

Bromine 2*966 

Concentrated     &ul- 

phuric  acid  ...  1  '841 

Nitric  aci<I  ....  1520 

Water  at  4^  ...  .  1  OOO 


L1QUID.S. 

Water  at  0°  ....  09998 

Sea- water 1  '026 

Milk 103 

Bordeaux 0*994 

Burgundy 0*991 


Olive  oil 0-915 

Essence  of  turpen- 
tine    0*865 

Alcohol 0*792 

Sulphuric  ether  .   .  0*736 
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CHAPTEK  VIII. 
WEIGHT    OF    THE    AIR    AND    OF    OASES. 

THE  BAROMETEB. 

The  air  a  heavy  body. — Elasticity  and  compressibility  of  air  and  other  gases. — 
Pneumatic  or  fire  syringe. — Discovery  made  by  Florentine  workmen. — Nature 
abhors  a  vacuum. — Experiments  of  Torricelli  and  Pascal — Invention  of  the 
barometer. — Description  of  the  principal  barometers. 

"IITE  live  at  the  bottom  of  a  fluid  ocean,  the  mean  depth  of 
which  is  at  least  a  hundred  times  greater  than  that  of  the 
seas,  and  which  envelopes  all  portions  of  the  terrestrial  spheroid.  The 
substance  of  which  this  ocean  is  formed  is  the  air,  a  mixture  of  various 
other  gases,  the  two  principal  ones  being  oxygen  and  nitrogen: 
carbonic  acid  gas,  aqueous  vapour,  sometimes,  ammonia,  are  also 
found,  but  in  variable  proportions,  whilst  the  two  gases  first  named 
are  everywhere  found  in  the  same  proportion — a  proportion  such 
that,  by  volume  in  100  parts,  21  are  oxygen  and  79  nitrogen. 

Air  is,  as  is  well  known,  the  indispensable  aliment  to  the  respira- 
tion of  animals ;  those  even  which  habitually  live  in  water  cannot 
do  without  it ;  it  is  not  less  necessary  to  the  vegetable  world,  which, 
under  the  influence  of  light,  decomposes  the  carbonic  acid  in  the  air, 
fixes  the  carbon  and  liberates  the  oxygen,  which  is  absorbed,  on  the 
contrary,  in  animal  respiration. 

The  transparency  of  the  air  itself  is  so  great  that  it  does  not  present 
itself  to  the  sight,  at  least  when  we  are  dealing  with  a  small  thickness. 
But  in  the  case  of  great  distances  the  interposition  of  gaseous  strata 
is  very  perceptible ;  it  is  these  which  give  to  distant  bodies,  such 
for  example  as  mountains  bounding  the  horizon,  a  bluish  tint, 
which  tint,  very  brilliant  and  pure,  forms  the  colour  of  the  sky, 
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when  the  atmosphere  is  cloudless.  Were  it  not  for  the  blue  colour 
of  the  atmosphere,  the  sky  would  be  colourless,  that  is,  entirely 
black;  and  the  stars  would  then  stand  out  brightly  in  broad  day. 
During  the  night,  the  atrial  envelope,  being  no  longer  lighted  up  by 
the  rays  of  the  sun,  but  only  by  the  feeble  light  of  the  moon  and 
stars,  appears  of  a  dark  blue ;  and,  if  in  the  day  we  observe  it  from 
a  very  high  mountain,  the  same  appearance  is  produced — a  thinner 
stratum  of  the  air,  which  moreover  is  less  dense  in  the  higher  regions, 
absorbing  but  a  slight  portion  of  the  blue  rays  of  the  solar  light. 

The  existence  of  air  is,  moreover,  revealed  to  us  by  other  phe- 
nomena, which  act  upon  us  through  the  medium  of  the  organs  of 
hearing  and  touch.  When  the  air  is  still,  it  is  only  necessary  for  us 
to  move  in  order  to  feel  its  presence.  The  mass  of  air  resists  the  dis- 
placement which  we  cause  in  it,  and  the  resistance  is  sensible  to  our 
hands  or  our  fstce.  But  the  material  nature  of  the  air  is  manifested 
still  more  perceptibly  by  the  movements  with  which  it  is  itself 
animated;  from  the  lightest  breeze  to  the  most  violent  winds, 
hurricanes,  and  tempests,  all  atmospheric  agitations  are  continual 
proofs  of  its  existence. 

Lastly,  it  is  in  consequence  of  the  vibrations  communicated  to 
the  air  by  sonorous  bodies,  that  sound  is  propagated  to  our  ear.  The 
air  itself,  when  it  is  put  in  vibration  under  favourable  conditions, 
becomes  a  producer  of  sound,  as  we  shall  see  further  on.  Most  of  the 
properties  of  air  have  been  utilized,  and  we  shall,  in  the  sequel, 
describe  numerous  and  very  interesting  applications.  The  object  of 
this  chapter,  meanwhile,  is  the  study  of  the  properties  of  air  con- 
sidered as  a  body  which  has  weight ;  and  of  those  phenomena  due  to 
the  weight  of  air  or  other  gaseous  substances.  That  air  has  weight 
is  easily  proved  by  a  very  simple  experiment. 

We  sh^ll  shortly  describe  the  instrument  which  is  used  to  ex- 
haust from  a  vessel  or  receiver  the  air  which  it  contains — to  make  a 
vacuum,  as  physicists  say.  Tliis  is  called  an  air-pump.  Now,  if  we 
take  a  hollow  glass  globe  fitted  with  a  metallic  neck  furnished  with  a 
stopcock,  and  weigh  it  after  having  made  a  vacuum  (Fig.  58),  we 
have  only  to  open  the  cock  and  allow  the  air  to  enter,  to  see  tlia 
the  beam  of  the  balance  leans  then  to  the  side  of  the  ball.  To  re- 
establish the  interrupted  equilibrium,  weight  must  be  added — about 
1'29  grammes  for  each  litre  that  the  globe  holds. 
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Thus  then  is  the  weight  of  the  air  directly  demonstrated.     The 
same  experiment,  made  with  other  gases,  proves  in  the  same  manner 

that  bodies  in  a  gaseous  state, 
like  liquids  and  solids,  obey  the 
action  of  gravity.  Galileo  first  sus- 
pected and  enunciated  the  impor- 
tant truth  that  air  is  heavy ;  but 
the  experiment  we  have  just  in- 
dicated is  due  to  Otto  de  Guericke, 
the  inventor  of  the  air-pump. 

If  the  air  contained  in  a  vessel 

is  heavy,  that  is,  if  its  weight  is 

susceptible   of    being    valued    by 

means  of  a  balance,  the  immense 

3f  volume  of  air  which  rests  on  the 

vW  surface  of  the  earth  must  press  on 

AM  .  it  in  proportion  to  its  mass,  and 

V.  this   pressure,  which  is  doubtless 

enormous,  must  be  manifested  in 
some  way.  This  is  indeed  what 
happens;  but,  before  studying  these 
phenomena,  let  us  say  a  few  words 
on  the  properties  of  gases,  both 
those  which  they  possess  in  common  with  liquids,  and  those  which 
characterize  them  in  a  special  manner. 

Like  liquids,  gases  are  formed  of  particles — molecules — ^which 
glide  one  over  the  other  with  extreme  facility.  Thus  we  see  gaseous 
masses  give  way  to  the  least  force — dividing  themselves,  and  allow- 
ing all  the  movements  of  solid  and  liquid  bodies  to  continue 
in  their  midst,  and  not  opposing  them  with  sensible  resistance, 
until  the  velocity  and  displacement  of  their  molecules  become 
considerable. 

Gases  are  eminently  elastic  and  expansibla  Let  us  take  a 
flattened  and  compressed  bladder,  only  enclosing  a  small  volume  of 
air  in  comparison  with  the  quantity  which  the  same  bladder  when 
filled  out  would  hold  (Fig.  59).  In  this  state,  the  interior  air  does  not 
increase  in  volume,  because  the  elastic  force  with  which  its  molecules 
are  endowed,  and  which  we  are  about  to  demonstrate,  is  balanced  by 
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Fio.  58. — Ezperimentnl  df  monKtration  of  the 
weight  of  air  and  other  gaae.'*. 
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the  preaaure  of  the  exterior  air.  Let  ua  place  this  bladder  under  the 
receiver  of  an  air-pump.  lu  proportion  as  the  vacuum  point  ia 
approached,  one  seea  the  bladder  increase  in  volume ;  it  swells  out, 
and  may  even  buiat  under  the  interior  pressure  which  diattgnds  its 
walls.  Let  the  air  again  into  the  receiver — it  immediately  returns 
to  its  primitive  volume;  which  proves  at  once  that  air — and  any 
other  gas  would  conduct  itself  in  the  same  manner — is  elastic  and 
compressible. 


These  two  properties  are  also  proved  by  the  aid  of  tlie  fire-syringe. 
By  forcing  a  well-iitted  and  greased  piston  into  a  glass  tube  filled 
with  air  {Fig.  60),  we  experience  a  slight  but  increasing  resistance, 
and  the  volume  of  the  air  diminishes  one-Iialf,  two-thirds,  &c.  This 
fii-at  operation  proves  the  great  compressibility  of  gasea.  Now  the 
piston,  arrived  at  the  end  of  its  course  and  abandoned  to  itself, 
returns  spontaneously  to  its  original  position — a  proof  no  less  evident 
of  the  elasticity  of  the  air. 

As  compression  produces  heat,  this  instrument  may  be  used  to 
light  a  piece  of  tijider  placed  under  the  piston  ;  but  in  this  case  the 
compresaion  must  be  very  rapid  Hence  the  name  given  to  the  instru- 
ment Gases  then,  like  liquids,  are  elastic  and  compressible ;  but 
whilst  this  latter  property  is  very  slight  in  liquids,  it  is,  on  the 
contrary,  very  considerable  in  the  caae  of  gases.  Let  us  also  note 
that,  if  liquid   molecules  have  a  cohesion  nearly  nil,  in   gasea  the 
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molecules  have  a  tendency  to  repel  each  other,  which  is  only  counter- 
balanced by  pressure  from  without  Hence  it  follows  that  when 
this  pressure  diminishes,  the  volume  of  the  gas  increases  ;  in  liquids 

the  volume  remains  constant,  at  least  as 
long  as  the  body  retains  the  same  state. 
Lastly,  a  property  which  again  dis- 
tinguishes liquids  from  gases,  is  the  very 
feeble  comparative  density  of  these  latter; 
whilst  the  weight  of  a  litre  of  liquid 
may  be  as  high  as  13596  grammes  (the 
weight  of  a  litre  of  mercury)  and  is  never 
lower  than  715  grammes  (ether),  the 
weight  of  a  litre  of  gas  or  vapour  never 
exceeds  20  grammes  and  may  be  as  low 
as  9  centigrammes.  Moreover,  in  gases, 
as  in  liquids,  the  principles  of  equality  of 
pressure  and  of  equality  of  transmission 
of  pressure  in  every  direction,  are  indi- 
cated by  theory  and  verified  by  experi- 
ment ;  we  shall  have  occasion  soon  to 
give  some  examples  of  this.  We  will 
now  return  to  the  phenomena  due  to  tlie 


Fi< .  60.— Pneumatic  tfyringe. 


weight  of  the  air. 


We  have  seen  that  Galileo  was  the  first  who  suspected  this  weight. 
The  history  of  this  important  discovery  is  well  known.  It  was  made 
in  1640.  Some  Florentine  workmen,  ordered  to  construct  a  pump  in 
the  palace  of  the  Grand  Duke,  were  greatly  astonished  that  the  water, 
in  spite  of  the  good  condition  into  which  they  had  put  the  instru- 
ment, would  not  rise  to  the  upper  extremity  of  the  pipe  of  the  body 
of  the  pump,  that  is  to  say,  beyond  32  Boman  feet  (about  10"  '3).  The 
learned  men — engineers  and  Florentine  academicians — ^being  con- 
sulted on  this  anomaly,  did  not  know  what  to  answer.  They 
addressed  themselves  to  Galileo,  then  aged  seventy-six  years,  whose 
immense  reputation  had  not  been  shaken  by  persecutions.  Galileo  at 
first  gave  an  evasive  answer,  but  the  question  made  him  reflect ;  he 
thought  that  the  pressure  of  the  air  was  the  cause  which  made  the 
water  rise  as  far  as  this  height,  and  that  "Nature's  abhorrence  of  a 
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vacuum"  was  an  idle  explanation,  since  it  must  be  then  supposed 
that  this  abhorrence  would  not  manifest  itself  beyond  a  given  height. 
He  first  proved  the  weight  of  the  air  by  weighing  a  bottle,  the  air  of 
which  had  been  expelled  by  the  vapour  caused  by  the  ebullition  of 
a  certain  quantity  of  water.  But  he  left  to  his  disciple  Torricelli  the 
care  of  extending  the  verification  of  his  conjectures. 

A  year  after  the  death  of  Oalileo,  it  occurred  to  Torricelli  to 
examine  how  mercury,  a  liquid  denser  than  water,  would  act  in 
vacuo. 

He  took  a  long  tube  closed  at  one  end,  which  he  filled  with  this 
liquid ;  then,  covering  the  open  end  of  the  tube  with  his  finger,  in 
such  a  way  as  to  prevent  the  liquid  from  falling  out  and  the  air  from 
getting  in,  he  plunged  this  extremity  into  a  vessel  full  of  mercury ; 
then,  leaving  the  liquid  to  itself,  he  held  the  tube  in  a  vertical 
position  (Figs.  61  and  62).  Torricelli  then  saw  the  liquid  descend 
from  the  top,  and,  after  a  few  oscillations,  settle  itself  at  a  level 
which  remained  nearly  invariable  at  28  Boman  inches  (76  centimetres) 
above  the  level  of  the  mercury  in  the  vessel 

If  Galileo's  idea  was  right,  and  the  column  of  water  of  32  feet 
was  really  maintained  by  the  pressure  of  the  atmosphere,  the  same 
pressure  would  raise  the  mercury,  being  thirteen  times  and  a  half 
heavier  than  water,  to  a  height  thirteen  times  and  a  half  less.  Now, 
28  inches  are  thirteen  and  a  half  times  less  than  32  feet ! 

Such  is,  in  its  simplicity,  this  grand  discovery.  Such  is  Torricelli's 
tube,  or,  as  it  is  now  called,  the  barometer,  an  instrument  used  to 
measure  the  pressure  of  the  atmosphere.  It  was  not  without  oppo- 
sition that  the  explanation  of  Torricelli  on  the  elevation  of  water  and 
mercury  was  accepted  by  the  scientific  men  of  his  day.  But  addi- 
tional experiments  suggested  by  Pascal  left  no  doubt.  Pascal 
remarked  that  if  the  weight  of  the  air  were  really  the  cause  of  the 
observed  phenomena,  the  pressure  ought  to  be  less  in  proportion  as 
the  barometer  was  observed  at  a  greater  height  in  the  atmosphere,  as 
the  superposed  gaseous  colunm  above  the  exterior  liquid  would  be 
less.  The  height  of  the  mercury  in  Torricelli's  tube  ought  then  to  be 
smaller  at  the  top  of  a  mountain  than  in  the  plain.  Hence  the 
famous  experiments  which  he  made  with  Pdrier,  his  brother-in-law, 
on  the  Puy-de-D6me,  and  those  which  he  executed  himself  at  the 
base  and  at  the  top  of  the  tower  of  Jacques  la  Boucheiie.      The 
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results  were  in  every  point  conformable  to  the  inferencea  drawn  from 
the  new  theory.^ 

The  height  of  the  mercnry  in  Torricelli's  tube  is  independent  of 
its  diameter,  provided  always  that  this  diameter  be  aot  too  small : 


for  then,  other  forces  which  we  shall  study  subsequently  have  a  great 
influence  on  the  level  of  the  liquid.     This  &et  is  a  very  natural 

1  "  I  h&T«  thought,"  wrote  Pascal  to  P^risr,  "  of  an  experiment  wbicb  will 
remove  all  doubt,  if  it  be  executed  with  ezactnesa.  Tbe  experiment  ahoold  be  made 
in  tucuo  MTeral  times,  in  one  day,  with  the  same  quicktilver,  at  the  bottom  and  at 
the  top  of  the  mountain  of  Puj,  which  is  near  our  town  of  Clermont.  I^  m  I 
anticipate,  the  height  of  the  quickiilTer  be  leaa  at  top  than  tt  the  base,  it  will 
follow  that  tbe  weight  or  pressure  of  the  air  is  the  cause  of  this ;  there  certainlj 
is  more  air  to  press  at  the  foot  of  tbe  mountain  than  at  its  summit,  while  one 
CBtiQot  aaj  that  Nature  abhora  a  vacoum  in  one  pince  more  than  in  anothn'.'' 
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consequence  of  the  equal  transmission  of  pressure  in  liquids :  the 
column  of  mercury  acts  by  its  weight  on  all  the  mercury  in  the 
trough,  so  that  each  element  of  surface  equal  to  the  section  of  the 
tube  is  pressed  equaUy  by  this  weight.  And  as  there  is  equili- 
brium, it  follows  that  the  pressure  of  air  on  this  same  unit  of 
surface  is  precisely  equal  to  the  pressure  of  the  mercury. 

What  must  we  conclude  from  this  ?  That  the  mass  of  the 
atmosphere  presses  on  the  earth's  surface,  as  if  this  surface  were 
everywhere  covered  with  a  stratum  of  mercury  about  76  centimetres 
thick.  Let  us  add,  that  the  pressure  in  the  air  being  transmitted 
equally  and  in  every  direction,  the  weight  of  the  atmosphere  makes 
itself  felt  wherever  the  air  penetrates  and  by  whatever  remains 
in  communication  with  it,  as  in  the  interior  of  houses,  in  cavities, 
and  on  the  surface  of  bodies.  This  explains  why  all  bodies  situated 
on  the  earth's  surface  are  not  crushed  by  this  enormous  pressure, 
which  is  not  less  than  10,333  kilogrammes  (about  10  tons)  on  the 
average  on  each  square  metre  of  surface.  The  surface  of  the  human 
body  being  nearly  a  square  metre  and  a  half  in  a  person  of  average 
height  and  size,  each  of  us  always  supports  a  load  which  is  about 
equal  to  15,500  kilogrammes  (nearly  15  tons).  We  have  just  given  the 
reason  why  this  load  does  not  crush  us :  all  the  pressures  exercised 
on  every  part  of  our  body  and  from  within  produce  equilibrium. 

But  at  first  sight  it  seems  incomprehensible  that  we  are  not  ground 
to  dust  under  the  effect  of  these  contrary  pressures.  The  reason  is 
very  simple.  All  the  fluids  contained  in  our  organism  act  against 
the  pressure  of  the  atmosphere,  and  it  is  this  constant  reaction  which 
explains  our  insensibility  to  pressure,  and  the  absence  of  the  pheno- 
mena which  the  pressure  of  the  air  would  cause,  as  at  first  supposed. 
This  reaction  is  not  a  simple  hypothesis,  as  the  process  of  "  cupping" 
proves.  "Cups"  are  small  vessels  of  metal  or  glass,  which  are  applied 
to  the  skin :  a  vacuum  being  made  inside  them,  the  skin  swells  up, 
the  small  veins  burst,  and  the  blood  flows  out,  because  it  is  no 
longer  maintained  in  the  veins  by  atmospheric  pressui-e. 

In  the  various  courses  of  physics,  some  interesting  experiments 
are  introduced  to  show  the  energy  of  atmospheric  pressure.  These 
we  will  rapidly  describe. 

One  of  the  first  known  is  that  of  the  Magdeburg  hemispheres : 
it  is  attributed  to  Otto  de  Giiericke. 
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Two  copper  hemispheres  fitting  one  into  the  other,  in  such  a  way 
as  to  form  a  hollow  sphere,  are  fixed  by  a  stopcock  to  the  pipe  of  the 
air-pump  (Fig.  63).  While  they  are  full  of  air,  the  slighest  effort  is 
sufficient  to  separate  them.  But  when  a  vacuum  is  made  in  the 
interior  of  the  sphere,  it  requires  a  considerable  effort  to  effect  the 
separation.  This  is  easy  to  account  for,  since  the  pressure  on  two 
hemispheres  of  only  2  decimetres  (about  8  inches)  in  diameter,  is 
324  kilogrammes  (about  6  cwts.)  on  each  of  them. 

In  one  of  his  experiments,  the  illustrious  burgomaster  of  Magde- 
burg caused  each  hemisphere  to  be  pulled  by  four  strong  horses 
without  being  able  to  separate  them  ;  the  diameter  of  the  hemispheres 
being  65  centimetres,  the  pressure  was  3,428  kilogrammes.  The  total 
pressure  on  the  hemispheres  is  greater  even  than  this ;  but  here,  it 
is  only  a  question  of  that  which   is   exerted  in  the  direction  of 


Fifj.  63,— Magjlebui^  heiniiii>liei-ea. 


Fm.  G4.  — Burating  a  bladder  by  exhausting 
the  air  underneath  it. 


resistance,  which  equals  on  either  side  the  pressure  on  a  circle  of 
the  same  diameter  as  the  sphere. 

Another  experiment  consists  in  making  a  vacuum  in  a  vessel,  over 
the  mouth  of  which  a  bladder  has  been  stretched,  which  prevents 
the  air  from  getting  in.  As  the  vacuum  point  is  approached,  the 
membrane  is  depressed  under  the  weight  of  the  exterior  air,  and 
at  last  it  bursts  (Fig.  64),  a  loud  detonation  similar  to  that  of  a 
pistol-shot  accompanying  the  rupture;  tliis  detonation  is  evidently 
owing  to  the  sudden  entrance  of  the   air  into  the  cavity  of  the 
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vessel  Aji  apple  applied  to  the  eud  of  a  thiu  metallic  tube, 
in  the  interior  of  which  a  vacuum  la  made,  being  pressed  by  the 
weight  of  the  atmosphere,  is  cut  by  the  edges  of  the  tube,  and 
a  part  thus  penetrates  into  the  futerior. 

lastly,  there  is  a  curious  experiment  widch  demonstrates  the 
pressure  of  the  air  on  the  sur&ce  of  liquids.  A  cylindrical  glass  bell 
jar,  mounted  on  a  metallic  stand,  is  furnished  with  a  tube  and  stop- 
cock,  which  allows  of  its  being  screwed  on  to  the  air-pump,  and  a 
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vacuum  being  made  in  its  interior.  When  the  vacuum  is  made,  the 
lower  end  of  the  tube  is  immersed  in  a  basin  filled  with  water,  and 
the  tap  is  turned,  which  opens  the  communication  between  the 
interior  of  the  vessel  and  the  liquid.  The  atmospheric  pressure 
which  is  exerted  on  the  water  in  the  basin  causes  a  jet  whidi 
strikes  the  top  of  the  bell  jar  (Fig.  65). 

In  what  has  preceded,  we  have  supposed  that  the  weight  of  the 
column  of  air  was  the  only  cause  of  the  atmospheric  pressure ;  that 
this  pressure  was  constant;  and  that  it  was  equivalent,  on  a  given 


FHTSICAL  FHEXOMEXA.  [book  i. 


wsssm:^  xa  the  w>ciziifi  of  a  oidiimn  of  water  of  32  feet,  or  10*33 
•ir  to  duii  of  a  coiaran  of  menmiy  of  30  inches,  or  76  centi- 
baTine  :ihe  suae  secdooal  area.  But  experiment  proves  that 
^his  pRsi»Er»  &s  subject  to  Tariatims,  even  in  the  same  place. 
Fxr^er  on.  w»  shaD  studr  these  variations  in  their  relation  to 
maoeopAy^ewl  phGnomena ;  bat  for  this  pnrpose  we  must  possess  an 
iiKCrTCiiisiis  whkrh  indicates  them.  This  instrument,  which  in  prin- 
^.-^  ':&  BO  odier  than  Torricelli*s  tube,  and  which  is  called  a 
IwpKDiec^,  deserres  a  detailed  description.  It  has  been  dififerently 
arrmaeiid  according  to  the  use  to  which  it  is  destined,  and  with 
th^  object  of  rendering  its  indications  precise. 

The  mo6t  simple  and  at  the  same  time  the  most  exact  barometer 
i*  nothing  more  than  a  tube  of  glass,  which  is  chosen  straight, 
rvguLirly  cylindrical  and  perfectly  homogeneous,  of  a  diameter  about 
three-quarters  of  an  inch,  or  2  or  3  centimetres.  It  is  immersed, 
after  having  been  filled  with  mercury,  in  a  trough  filled  with  the 
same  liquid. 

The  trough  and  the  tube  are  fixed  against  a  vertical  support,  and 
remain  in  the  place  where  the  observations  are  to  be  mada  It 
is  nothing  more,  as  is  seen,  than  a  Torricelli's  tube.  But  to  properly 
arrange  it,  various  precautions  must  be  taken,  the  importance  of 
which  is  very  obvious,  and  which  are  equally  necessary  for  the 
construction  of  other  barometers. 

Thus,  it  is  essential  that  the  mercury  used  be  of  great  purity. 
This  is  arrived  at  by  acting  upon  oxide  of  mercury  with  nitric  acid ; 
and  great  care  must  especially  bo  taken  that  it  does  not  contain 
air-bubbles,  as  their  lightness  would  cause  them  to  rise  along  the 
sides  of  the  tube  into  the  vacuum,  which  is  called  the  Torricellian 
vacuum.  Aqueous  vapour  and  air,  being  elastic  gases,  would  press 
the  upper  level  of  the  mercury,  so  that  its  height  would  not  indicate 
merely  the  pressure  of  the  atmosphere.  To  efifect  this,  the  tube  must 
1)0  dried  and  perfectly  cleaned  before  filling  it.  Once  filled  with 
meroury,  the  liquid  is  boiled  over  some  burning  charcoal,  until  all 
the  air-bubbles  which  it  contains  are  expelled.  At  this  moment  the 
aspect  of  the  mercury  should  resemble  a  bright  mirror;  the  bright 
and  metallic  lustre  with  which  it  shines  indicates  a  perfect  purity, 
indispensable  for  the  present  purpose. 

The  lai'ge  diameter  of  the    tul>e  which   forms   the  stnmlard  or 
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normal  bar&nuter  possesses  this  advantaf;e  over  sro&Uer  ones, 
that  it  gives  a  level  to  the  mercurial  column  which  is  not  altered 
by  the  molecular  force  called  capillarity.  In  this  instrument,  in 
order  to  obtain  the  height  of  the  barometer,  it  is  safBcieut  to 
measure  the  vertical  distance 
which  separates  the  upper  level 
&om  that  of  the  mercury  in 
the  trough.  This  is  done  with 
a  special  instrument  called  a 
cathetometer,  which  is  com- 
posed essentially  of  a  divided 
scale  on  which  a  horizontal 
glass  vender  moves. 

There  may  be  seen  on 
Fig.  66,  which  represents  a 
standard  barometer,  a  double 
screw  fixed  to  the  trough. 
The  lower  end  should  be  on  a 
level  with  the  mercury,  which 
is  easily  accomplished  'by 
means  of  the  screw,  and  it  is 
the  distance  from  the  upper 
point  of  this  screw — which 
the  draughtsman  has  forgotten 
to  figure — to  the  upper  level 
of  the  mercury  in  the  tube 
which  the  cathetometer  gives. 
By  adding  to  it  the  constant 
length  of  the  screw,  we  have 
the  height,  or  the  atmospheric 
pressure  sought  for.  ' 

The  cistern  barometer  is  dis- 
tinguished from  the  preceding 
one  by  having  a  glass  cistern 

into  which  the  tube  is  inserted  (Fig.  67) ;  possessing  a  large  surface, 
the  level  of  the  mercury  in  it  may  be  considered  as  constant. 
The  stand  on  which  the  instrument  is  fixed  is  furnished  with  a 
graduated  scale,  on  which  slides  a  moveable  index  placed  in  such 
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a  way  that  its  upper  edge  is  od  a  level  with  tho  surfoce  of  tlie 
mercury.  The  zero  of  the  ecale  being  by  hypothesis  the  level  of 
the  mercury  in  the  cistern,  the  reading  of  the  height  is  made  at 
once  on  the  scale.  Lastly,  the  scale  is  furnished  with  a  vemia*, 
which  gives  the  fractions  of  millimetres  or  inches.  The  arnmgement 
which  renders  this  instrument  less  perfect  than 
the  preceding,  is  that  the  level  of  the  cistern  or 
the  zero  of  the  scale  is  supposed  to  be  coiutant ; 
whereas  under  the  influenoe  of  the  variatiutB  of 
temperature  the  glass  and  the  mercuiy  expand, 
and  this  produces  variations  in  the  pomtiim  of 
the  zero  point.  Frequently,  after  a  time,  tben 
accidental  variations  produce  a  permanent  altera- 
tion, and  the  scale  has  to  be  rectified. 

The  barometers  suggested  by  Fortia,Uay-X 
and  Bunten  are  not  liable  to  these  ini 
Itut  aa  they  are  principally  conatmcted  with  tin 
object  of  being  easily  transported,  the  dkmeter 
of  the  tube  is  smaller  than  in  a  standard  baro- 
meter, so  that  capillarity  depreasea  tlte  nf^wr 
level  of  the  mercury.  The  obaervatiotu  made 
with  these  instfumenta  require  theieftm  a  oot^ 
rection  to  free  the  readings  from  thia  vaat. 
But  in  Gay-Lussac's  barometers  and  thoae 
of  Bunten,  as  in  the  standard  baiometaVt  the 
height  is  measured  by  two  correspakding 
scales  at  the  two  levels  of  the  liquid,  n  that 
the  difference,  with  all  corrections  made,  gira 
the  real  atmospheric  pressure.  In  that  of  Foitia, 
the  zero  point  is  maintained  oonstaot  t^  an 
Pia.  «s.-ci>teniofFortiii'>i  ingenious  contrivance  which  will  be  eaailyocHil- 
prehended  from  Fig.  60. 
We  have  a  section  of  the  cylindrical  cistern  which  eodoMa  the 
mercury  in  which  the  slender  part  of  the  tube  is  immersed.  The 
upper  part  of  the  cylinder  is  of  glass,  and  shows  the  level  of  the 
liquid.  A  metallic  point  in  the  interior  indicates  the  position  of 
the  zei-o  of  the  scale  and  the  level  the  mercury  oi^ht  to  attain, 
every  time  an  observation  has  to  be  made.     As  the  mercury  rests 
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on  a  bag  of  impermeable  leather  connected  with  the  lower  walla  of 
the  cistern  and  as  the  metallic  base  is  traversed  by  a  screft  the 
end  of  which  presses  against  the  elastic  bag  it  follows  that  we  cnn 
at  will  raise  or  depress   the  bottom  of  tlie  IhihuI    or   what  is  the 


same  thing,  raise  or  depress  its  siivfiice,  and  thus  obtain  the  level 
required.  For  travelling,  in  order  that  the  movements  of  the  luereiiry 
may   not  break    the   tube,  the    sfrpw   is   raised,  until   the    cistern 
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is  entirely  full  in  its  upper  part.  As  oil  the  apparatus  is  enclosed 
in  a  brass  cyliDder,  wliich  preserres  it  from  shocks,  the  level  of 
the  mercury  of  the  tube  is  observed  through  two  longitudinal 
apertures,  on  opposite  sides,  which  enables  us  tO'  view  the  glass 
tube;  on  the  edges  of  these  apertures  the  divisions,  in  inches  or 
millimetres,  of  the  scale,  which  has  its  zero  at  the  constant 
level  determined  by  the  position  of  the  ,  cistern,  are 
engraved.  An  index,  furnished  with  a  vernier  and  a 
miUed  bead,  which  enables  it  to  be  moved  by  the  aid  of  a 
rack  and  pinion,  gives  the  precise  position  of  the  level  on 
the  scale,  and  the  height  in  hundredths  of  millimetres  or 
inches.  The  apparatus  is  supported  by  a  tripod  resting 
on  the  ground,  and  care  must  always  be  taken  to  place 
the  tube  in  a  vertical  position,  which  is  rendered  easy  by 
its  mode  of  suspension. 

Fortin's  barometer  is  convenient  for  scientific  explora- 
tions, because  the  air  cannot  enter,  and  the  movements 
and  joltings  inseparaHe  from  traveUing  cannot  break  it. 
The  readings  require  to  be  corrected  from  the  effect  of 
capillarity.  Moreover,  as  temperature  causes  the  density 
of  liquids  to  vary,  a  correction  must  also  be  made  to 
eliminate  tliis  source  of  error. 

Fig.  70  shows  the  arrangement  of  Gay-Lussac'a  baro- 
meter as  modified  by  Bunten.  Two  portions  of  the  same 
tube  are  united  by  a  very  narrow  or  capillary  one.  A 
small  opening  allows  the  air  to  penetrate  above  the  lower 
level.  The  barometric  he%ht  is  measured  on  a  scale 
E^tUS^ '''  divided  in  millimetres  or  inches,  the  height  of  the  upper 
level  being  taken,  and  the  height  of  the  lower  level  being 
subtracted  from  it ;  tlie  difference  evidently  giving  the  pressura  As 
the  tubes  have  the  same  diameter,  Qay-Lussac  thought  it  would  be 
unnecessary  to  correct  for  the  influence  of  capillarity;  unfortunately, 
however,  it  has  been  found  that  this  influence  is  not  the  same  in 
the  barometric  vacuum  and  in  the  lower  tube.  This  is  unfortunate, 
as  the  instrument  is  easy  to  transport,  is  not  lai^e,  and  the  air  can 
only  with  difficulty  penetrate  the  barometric  chamber,  on  account 
of  the  slight  diameter  of  the  intermediate  tube.  In  travelling  it 
is   inverted.      The   modification  designed  by    Bunten   lenders    the 
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introduction  of  air  still  more  difficult,  since  if  the  bubbles  penetrate 
along  the  walls  of  tlie  tube,  they  lodge  themselves  in  the  narrow 
■pace  in  the  widest  part  of  the  capillary  tube,  and  have  no  action  on 
the  level  of  the  mercury. 

Some  of  our  readers  will  perhaps  be  anxious  to  know  by  what 
means  the  variations  of  the  atmospheric  pressure  can  be   indicated 


by  a  moveable  needle  oa  a  graduated  dial.  The  dial  or  wheel  baro- 
meters, to  which  we  allude,  are  not  of  great  scientific  value,  because 
they  are  rarely  constructed  with  sufficient  precision ;  thuy  are  used  in 
rooms  as  ornamental  objects.  The  diat-barometer  is  composed  of  a 
siphon  tube,  the  open  branch  of  which  (Fig.  Tl)  supports  an  ivory 
float.  This  float  rises  and  folia,  and  by  its  motion  turns,  by  means 
of  a  silken  thread,  a  pulley  on  tbe  axle  of  wliiuh  the  needle  is 
II  2 
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fixed.  The  needle  tuni3  in  either  direction,  according  aa  the  surfaca 
of  the  liquid  riaes  op  falls';  the  dial  is  divided  by  comparing  it 
with  a  fixed  barometer.  We  shall  see  further  on  what  is  signified 
by  the  weather  indications  which  we  are  accustomed  to  see  written 
agfiinst  the  different  divisions  of  the  dial 

For  many  years  metallic  or  aneroid  barometers  have  been 
Niibstitut«d  with  advantage  for  these  instruments,  the  indications 
of  which  are  only  of  inferior  precision.  These  are  based  on  the 
elasticity  and  the  flexion  of  metals  formed  into  thin  plates.  A 
flattened  brass  tube,  the  section  of  which  is  elliptical,  is  exhausted 
ijf    air   and    carefiilly   chitted  {Fig.  72).     It  is   curved   in  the  form 


of  an  arc  of  a  eircle,  and  fi.xed  at  its  middle  point,  so  that  the 
disenj^nged  extremities  of  the  two  halves  of  the  tube  can  oscillate 
on  either  side  this  fixed  point.  "When  tlie  barometric  pressure 
increases,  the  iii-easurc  flattens  the  tube,  which  effect  causes  tlie 
eiirvatui-e  of  the  two  arcs  to  augment,  and  their  free  extremities 
ap])roach  each  other ;  the  opposite  takes  place  if  the  pressure 
diminishes.  The  disengaged  extremities  of  the  tube  are  con- 
nected with  levers  which  move  the  axis  of  a  co^ed  sector.  The 
needle  of  the  dial,  which  is  connected  by  a  pinion  to  this  sector, 
moves  either  in  one  direction  or  the  other,  and  in  this  manner 
traverses  the  divisions  on  the  dial,  wliich  are  engraved  by  comparison 
with  a  standard  barometer. 
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111  the  aneroid  represented  in  Fig.  73,  the  pressure  of  tlie  air  is 
exerted  on  the  comigated  top  of  a  metLdlic  dnim,  tlie  interior  of 
which  has  been  exhausted  of  air.  'When  the  pressure  augments,  tliis 
top  sinks  down ;  it  rises,  on  the  contrary,  if  the  pressure  diniinisheii, 
and  its  movements  are  transmitted  to  a  needle  by  a  peculiar  mecha- 
nism, tlie  detailed  description  of  which  would  here  be  sujiertluous. 


The  invention  of  this  barometer  is  due  to  M.  Vidi.     It  has  been 
recently  perfected  by  an  English  optician,  Mr,  Cooke. 

This  kind  of  barometer  is  preferable  to  the  dial-barometers, 
although  from  time  to  time  it  is  necessary  to  modify  the  graduation 
or  to  apply  corrections  on  account  of  the  variations  to  which  the 
molecular  state  of  the  tulje  in  the  Bourdon  barometer,  or  that  of  the 
metallic  box  and  of  the  antagonistic  spring  in  Vidi's  inatvument,  is 
subject. 
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CHAPTER  IX. 
WEIGHT  OF  THE  AIB  AND  OF  OASES  {continued). 

PUMPS. — MABIOTTE'S  law. — THE  AIR-PUMP. 

Principle  of  the  ascent  of  liquids  in  pumps. — Suction  and  force  pumps. — ^The 
siphon. — Air-pump ;  principle  of  its  construction. — Double  and  single  barrel 
air-pumps. — Condensing  pumps. — Mariotte's  law. 

rpHE  discoveries  of  the  weight  of  the  air  and  of  atmospheric 
-^  pressure  only  took  place  a  little  more  than  two  centuries  ago. 
But  long  before  Torricelli  and  Galileo,  the  application  of  the  principle 
had  taken  precedence  of  the  theory,  as  is  proved  in  the  account  we 
have  given,  which  history  has  handed  down  to  us.  It  is,  in  fact, 
the  pressure  of  the  air  which  is  the  cause  of  the  ascending  movement 
of  water  in  pumps.  Now,  the  invention  of  these  useful  instru- 
ments is  generally  attributed  to  Ctesibus,  a  celebrated  geometer  and 
mechanician,  who  lived  at  Alexandria  130  B.O.,  or  about  a  century 
after  Archimedes. 

We  shall  now  describe  briefly  the  different  instruments  known 
under  the  name  of  pumps,  the  object  of  which  is  the  movement  of 
liquids  and  gases,  keeping  here  particularly  in  view  the  explanation 
of  the  action  of  these  instruments :  we  shall  return,  in  the  volume 
which  will  treat  of  the  applications  of  physics,  to  the  detailed  descrip- 
tion of  those  which  have  a  special  use  in  the  industrial  arts. 

Let  us  take  a  hollow  cylinder,  in  which  a  piston  furnished  with 
a  rod  may  be  moved  up  and  down,  and  in  the  bottom  of  which  an 
orifice  is  made  (Fig.  74).  The  piston  having  been  lowered  to  the 
bottom  of  the  cylinder,  the  instrument  is  immersed  in  a  vessel  or 
reservoir  full  of  water  ;  then  the  piston  is  raised  by  its  rod.  What 
happens  ?    The  space  void  of  air,  which  the  piston  leaves  under  it 
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in  its  ascending  movement,  will  be  filled  with  water,  first  until  the 
level  of  the  water  is  the  same  in  the  cylinder  as  in  the  reservoir: 
this  takes  place  in  virtue  of  the  principle  of  the  equilibrium  of 
liquids  in  communicating  vessels,  so  that  this  would  happen  even  if 
there  was  air  under  the  piston.  But  the  water  still  rises  above  this 
level,  keeping  in  contact  with  the  piston, 
the  lower  surface  of  which  it  constantly 
touches  ;  and  it  is  easy  to  understand  that 
its  movement  is  due  to  the  pressure  which 
the  outer  air  exerts  on  the  liquid  surface 
of  the  reservoir. 

Let  us  suppose  that  the  cylinder  has 
an  elevation  of  more  than  32  feet :  the 
liquid  column  will  rise  until  it  attains 
about  this  height.  At  this  moment  its 
weight  is  in  equilibrium  with  the  pres- 
sure of  the  atmosphere  ;  if  the  piston  con- 
tinues to  rise,  the  water  will  not  follow 
it  This  is  precisely  the  obstacle  which 
the  Florentine  workmen  encountered,  and 
which  caused  the  physicists  belonging  to 
the  Court  of  the  Grand  Duke  to  believe 
that  Nature  ceased  to  abhor  a  vacuum 
beyond  32  feet. 

Such  is  the  principle  of  the  pump  to  which  is  given  the  name  of 
suction-pump,  because  the  piston  appears  to  suck  up  the  liquid  as  it 
rises.  We  will  now  show  how  the  instrument  is  generally  arranged 
when  it  fulfils  the  object  for  which  it  is  intended;  that  is,  to  give 
us  a  supply  of  water  which  has  been  raised  to  a  certain  height  above 
the  level  of  the  reservoir. 

The  cylinder,  or  the  body  of  the  pump,  is  furnished  with  a  cylin- 
drical tube  of  small  diameter,  the  lower  extremity  of  which  is  placed 
in  the  reservoir.  At  the  junction  of  the  cylinder  and  tube  a  valve  is 
fitted,  which  opens  upwards.  The  piston  has  itself  one  or  more  open- 
ings, furnished  with  valves,  whose  action  is  in  the  contrary  direction 
to  the  first  (Fig.  75).  It  will  now  be  seen  what  will  happen  when 
we  give  an  alternate  movement  to  the  piston  in  the  body  of  the  pump. 
At  its   first  ascent  a  vacuum  is  made   under  it.     The  air  in  the 


Fio.  74.— Principle  of  the  suction- 
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auction-tube  lifts  tlie  valve  by  its  pressure,  and  the  water  rises  to  s 
certain  lieiglit.  When  the  piston  again  descends,  the  air  which  is 
introduced  into  tlie  Iwdy  of  the  pump  is  compressed  :  on  the  one 
liaiid,  its  pressure  closes  tlie  lower  valve,  and,  on  the  otlier,  it  lifts  the 
valves  of  the  piston  and  it  escapes  upwards.  At  each  movement  the 
water  ri--<es  higher  and  higlier,  and  at  last  comes  in  contact  with  the 
lower  wall  of  the  piston,  and  passes  through  the  valves  to  its  upper 
surface.  It  will  be  easily  seen  how  the  water  is  forced  to  flow  out 
by  a  latenil  orilice  at  the  upper  part  of  the  pump.  Moreover,  once 
the  pump  is  in  action,  when  the  piston 
rises,  a  vacuum  is  made  beneath  it,  and  the 
water  continues  to  press  against  its  lower 
side.  Tlie  valve  of  the  suction- tube 
remains  constantly  open,  and  the  ascent 
of  the  water  is  determined  by  the  move- 
ment of  the  piston. 

The  effoit  necessary  to  raise  and  lower 
the  piston,  when  the  pump  is  in  action,  is 
easily  measured.  If  the  piston  descends, 
its  own  valves  are  open;  the  preasares 
transmitted  to  its  opposite  sides  by  the 
liquid  are  equal  the  one  to  the  other,  and 
consequently  are  counterbalanced,  and  the 
only  resistances  felt  proceed  from  the 
friction  of  the  liquid  and  the  piston.  But 
if  the  piston  is  raised,  the  atmospheric 
pressure  is  alone  annulled,  as  it  is  exerted 
on  the  reservoir  on  the  one  hand,  and  on 
the  upper  level  of  the  liquid  on  the  other, 
Kiu  T9.-->ii.ii.>ii|>iu,i[>  and   the   effort   required  is   measured  by 

the  weight  of  a  column  of  water,  having 
for  its  ba^e  the  surface  of  the  piston,  and  for  its  height  the 
vertical  distance  between  the  two  levels  of  the  liquid.  If,  for 
example,  this  distance  is  2  metres,  and  the  base  of  the  piston  is 
1  siLuare  decimetre,  it  will  require  a  force  of  20  kilogrammes  to 
raise  the  piston,  without  taking  into  account  the  resistances  due 
to  friction. 

Experiment  shows  that  it  is  not  possible  to  give  to  the  suction- 
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jramp  a  depth  of  more  than  about  20  feet  instead  of  32  feet  as 
indicated  by  theory.  The  reason  of  this  lies  in  the  escape  of  air  and 
water  which  always  takes  place  between  the  pamp  itself  and  the 
piston  ;  besides,  the  water  of  the  reservoir  nearly  always  contains  air 
in  solution,  and  this  frees  itself  from  the  liquid,  because  it  is  brought 
up  to  a  region  of  less  pressure. 

In  the  force-pump  (Fig.  76)  the  body  of  the  pump  is  immersed  in 
water,  so  that  the  liquid  is  introduced  into  it  by  simple  communi- 
cation.   Moreover,  the  piston  ia  solid,  and  the  tube  used  to  raise  the 


watw,'  starting  from  the  lower  part  of  the  pump,  is  furnished  at  the 
point  of  junction  with  a  valve  which  opens  towards  the  outside.  The 
piston  in  its  descending  course  presses  the  water,  this  pressure  shuts 
the  valve  of  the  pump  and  opens  that  of  the  conducting  pipe,  and 
forces  the  liquid  out. 

The  suction  and  force  pump  (Fig.  77)  combines  the  arrangements 
of  both  the  pumps  we  have  just  described.  The  ascent  of  the  water 
is  caused  by  suction ;  and  since  the  piston  is  solid  {i.e.  is  not  fur- 
nished with  valves),  in  coming  down  it  presses  the  liquid  into  the 
lateral  tube. 
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We  will  now  describe  an  instrument  known  to  most  people — the 
siphon — ^which  is  of  great  use  in  transferring  liquids  from  one  vessel 
to  another :  it  is  the  pressure  of  the  air  which  causes  the  action  in 
this  case  also.  A  tube  formed  of  two  curved  branches,  of  unequal 
length,  is  filled  with  part  of  the  liquid  which  is  to  be  transferred, 
and  its  shortest  branch  is  immersed  in  the  vessel  which  contains 
this  liquid  (Fig.  78).  As  soon  as  this  is  done,  the  liquid  is  seen  to 
flow  firom  the  opening  at  the  end  of  the  longest  branch,  as  long 
as  the  shortest  remains  immersed. 

What  is  the  cause  of  this  continual  flowing  ?  Nothing  is  more 
easy  to  explain.    At  the  surface  of  the  liquid  in  the  vessel,  and  at  the 
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Pio.  78.— The  Siphon. 


lower  and  free  extremity  of  the  tube,  the  atmospheric  pressure  is 
exerted  with  almost  equal  intensity  and  in  contrary  directions.  At 
the  point  where  the  tube  is  in  the  vessel,  this  pressure  serves  to  raise 
the  liquid  in  the  smallest  branch,  and  would  maintain  it  there  in 
equilibrium,  if  the  length  of  the  two  branches  were  the  same,  and  both 
the  ends  were  immersed  in  it.  Hence  it  follows  that  all  the  portion 
of  the  liquid  contained  in  the  tube  and  exceeding  the  level  of  the 
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vessel,  remains  in  equilibrium  under  the  influence  of  these  opposite 
pressures.  There  remains  then  in  the  large  branch  of  the  siphon  a 
column  of  water  whose  gravity  disturbs  the  equilibrium  and  deter- 
mines the  direction  of  flow. 

It  might  be  imagined  that  when  once  the  liquid  in  the  tube  had 
escaped^  the  action  would  stop;  but  it  must  be  remarked  that 
to  do  this  the  two  branches  of  the  liquid  must  be  separated  by  a 
vacuum,  which  the  pressure  exerted  on  the  liquid  in  the  vessel  by  the 
atmosphere  tends  continually  to  fill,  so  that  in  reality  this  separation 
does  not  take  place,  and  the  flowing  continues. 

The  forms  of  siphons  differ,  according  to  the  use  to  which  they 
are  destined,  and  also  according  to  the  nature  of  the  liquid  to  be 
transferred..  We  shall  describe  some  of  them  in  another  volume, 
when  we  explain  their  applications  in  great  hydraulic  works. 

It  only  remains  now  for  us  to  terminate  the  study  of  the  pheno- 
mena of  gravity,  by  describing  the  instruments  which  are  used  to 
exhaust  the  air  from  a  receiver,  or  any  vessel,  or,  on  the  other  hand, 
to  compress  it  there ;  then  by  stating  how  the  pressures  of  gases 
are  determined,  and  according  to  what  laws  these  pressures  vary, 
when  the  volume  which  they  occupy  is  made  to  vary. 

Torricelli's  experiment  on  the  tube  gave  a'very  simple  means  of 
making  a  vacuum,  and  a  vacuum  as  perfect  as  possible;  for  the 
space  situated  above  the  column  of  mercury,  which  has  received  the 
name  of  the  barometric  chamber,  is  a  perfect  vacuum.  But  if  the 
process  is  simple,  it  is  far  from  being  practical,  since  it  would 
necessitate  the  use  of  an  enormous  quantity  of  mercury,  if  the  space 
which  we  wished  to  rarefy  were  considerable,  and  moreover  the  pre- 
cautions required  to  be  taken  at  each  operation  would  be  irksome. 
Thus  long  ago  other  means  were  sought.  It  was  in  1654  that  the 
first  air-pump  was  thought  of  and  constructed.  Otto  de  Guericke 
was  the  inventor,  and  we  have  quoted  many  curious  experiments  due 
to  this  able  physicist.  It  soon  received  important  improvements 
from  Boyle,  Papin,  Muschenbroek,  and  Gravesande.  At  first 
it  was  only  formed  of  one  cylinder;  but  the  necessity  of  having 
two,  to  get  rid  of  the  great  resistance  which  is  felt  while  using 
it,  was  soon  rendered  obvious.  As  it  is  not  in  our  programme 
to  give   the  history  in   detail  of  the  progress  of  any  mechanical 
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instruments,  M'e  uill  describe  the  air-pump  as  it  ia  now  used  by  all 
physicists. 

And  first  let  us  deal  with  tlie  principal  arrangements.  Let  us 
imagine  two  cylinders,  each  furnished  at  the  bottom  with  a  valve 
which  opens  upwards,  and  with  a  piston  having  an  orifice  closed  by  a 
valve  which  opens  in  the  same  direction.  The  two  orifices  in  the 
base  of  the  cylinder  communicate  by  a  common  pipe  with  a  well- 
ground  glass  plate,  on  which  the  receiver  is  placed,  and  at  the  centre 
of  which  is  the  opening  of  the  jiipe.  Fig.  79  shows  in  section  one 
of  the  cylinders,  its  two  valves,  and  the  communicating  canal.  The 
action  of  this  half  of  the  instrument  being  well  nnderstood,  it  will 
be  easy  to  comprehend  the  whole. 

Let  us  b^n  at  the  moment  when  the  piston  touches  the  lower  pait 
of  the  cylinder.     Tlie  receiver  is  filled  with  air  at  the  atmospheric 
_  pressure.     At  the  moment 

when  we  raise  the  piston,  a 
vacuum  ia  made  in  the 
lower  part  of  the  cylinder. 
The  air  of  the  receiver 
which  filled  the  communi- 
cating canal  lifts  up  the 
lower  valve  by  its  elastic 
force  and  spreads  itself  in 
the  vacuum,  the  valve  of 
the  piston  being  kept  shot 
by  the  pressure  of  the  air 
which  is  exerted  externally 
on  all  the  surface  of  the 
piston.  This  passage  of  air  from  the  receiver  into  the  cylinder  takea 
place  until  the  piston  has  reached  its  highest  position.  It  ia  clear 
that  at  this  moment  the  quantity  of  air  contained  in  the  receiver  has 
diminished,  and  that  it  has  diminished  one-half,  if  the  volume  of 
the  cylinder  is  precisely  equal  to  the  volume  of  the  receiver. 

Let  ua  now  send  the  piston  in  a  contrary  direction.  At  the  moment 
when  it  begins  to  descend,  the  capacity  of  the  cylinder  diminishes, 
the  pressure  of  the  air  which  it  contains  increases,  exceeds  that  of  the 
air  of  the  receiver,  and  the  lower  valve  is  closed.  Then,  in  propor- 
tion as  the  descent  of  the  piston  lessens  the  capacity,  the  confined 
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ail  increases  in  density :  on  our  assumption  of  its  capacity,  this 
density  will  ^ain  become  equal  to  that  of  the  atmospheric  air,  as  soon 
as  the  piston  attains  half  of  its  course.  Beyond  this  point  the  interior 
pressure  increases,  lifts  up  the  valve  of  the  piston,  and  the  air 
escapes  altogether,  until  the  piston  again  rests  on  the  lower  part  of 
the  cylinder. 

This  single  up-and-down  movement,  analysed  in  its  eFTects,  explains 
the  whole  of  the  operation,  as  it  has  sufficed  to  rarefy  the  air  in  the 
bell  jar  one-half:   Hint  which  remains  will  be  again  rarefied  at  a 


second,  then  at  a  third  trial,  and  so  on.  The  pressure  will  become  the 
quarter,  eighth,  and  then  the  sixteenth  of  the  first  pressure,  as  we 
shall  soon  see  in  explaining  Mariotte's  law.  This  proportion  would 
of  course  change,  if  the  ratio  of  the  capacity  of  the  cylinder  to  that 
of  the  receiver  were  changed. 

Figs.  80,  81,  82,  and  83  will  now  explain  the  real  arrangement  of 
the  air-pump,  and  show  the  utility  of  the  second  cylinder.  The  first 
shows  how  the  two  valves  are  placed,  that  in  the  piston  and  that  at 
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the  bottom  of  the  cylinder.  The  valve  of  the  piston  is  a  small 
plate  a,  with  a  light  spring  pressure  on  the  opening,  but  which  gives 
way  to  a  very  slight  pressure  in  the  contrary  direction.  The  valve 
of  the  cylinder,  6,  is  conical ;  a  rod,  t,  which  moves  by  friction  in 
the  piston,  raises  or  lowers  it,  but  only  for  a  very  short  distance. 
Fig.  81  shows  that  the  rods  of  the  pistons  are  formed  with  rackwork 
which  works  into  a  pinion,  so  that,  with  the  help  of  a  handle  with  two 
arms,  it  is  possible  to  lower  one  piston  and  raise  the  other.  Thanks 
to  this  arrangement,  the  work  done  is  doubled ;  but — and  this  is  the 
end  for  which  it  was  proposed — the  resistance  is  reduced  to  its 
minimum;   for,  in  proportion  as  the  vacuum  is  made,  each  piston 

when  rising  must  overcome  the  atmo- 
spheric pressure  which  acts  on  its  base ; 
but,  on  the  other  hand,  this  pressure 
helps  the  other  piston  to  descend.  In 
this  way,  then,  there  is  a  compensation 
or  equiUbrium  between  these  two  forces 
which  act,  it  is  true,  in  the  same  direc- 
tion, but  all  the  force  is  done  away  with 
by  the  resistance  of  the  pump,  without 
fatiguing  the  operator.  Figs.  82  and  83 
give  the  plan  and  the  exterior  view  of 
the  air-pump  with  two  cylinders. 

It  will  be  seen  how  the  pipe,  which 
unites  the  two  cylinders  by  a  tube,  com- 
municates at  the  centre  with  the  plate, 
which  is  of  ground  glass,  perfectly  plane, 
on  which  is  fixed  the  well-greased  edge  of  the  receiver  in  which  the 
vacuum  is  to  be  made.  If  the  receivers  have  the  form  of  tubes 
or  balls,  &c.,  they  are  screwed  into  the  aperture  in  the  centre  of 
the  plate. 

A  stopcock  in  the  middle  of  the  tube  of  communication  is  pierced 
with  holes,  which  enable  us  either  to  establish  or  close  the  communi- 
cation between  the  pump  and  the  receiver,  or  to  permit  the  exterior 
air  to  penetrate  into  the  cylinders  or  into  the  receiver  only. 

In  the  same  pipe,  a  bell  glass  (h.  Fig.  83)  is  seen,  containing  a 
barometric  tube,  or  manometer,  which  is  used  to  indicate  to  what 
degree  the  exhaustion  has  proceeded  in  the  receiver ;  that  is  to  say, 


Fio.  82.— Flan  of  the  air-pomp  with 
two  c jlinden. 
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what  is  the  pleasure  of  the  quantity  of  air  which  tJiis  latter  atlll 
coutaiiia. 

Lastly,  the  best  air-pumps  are  furnished  with  an  arrangement, 
the  invention  of  which  ia  due  to  M.  Babinet.  This  is  a  stopcock  by 
tite  aid  of  which,  and  a  special  pipe,  the  receiver  is  allowed  to  com- 
mnnicate  with  one  cylinder  only.  The  air  which  it  still  contains 
is  forced  through  another  pipe  under  the  piston  of  the  second  cylinder. 


and  there,  thanks  to  the  increase  of  pressure  which  follows,  it  ends 
by  raising  the  valve.  The  degree  of  vacuum  is  thus  extended  to 
a  limit,  such  that  the  pressure  of  the  air  which  still  remains  in  the 
receiver  is  scarcely  appreciated  by  the  manometer. 


Bianchi's  air-pump  has  only  one  cylinder.  But  the  piston  divides 
it  into  two  compartmenta,  wiiicli  alternately  receive  and  expel 
the   air:    it  ia,  properly  speaking,  a  double-action   pump.     Fig.  84 
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explains  the  maaner  in  wliich  this  pump  acts.  A  rod  supports 
tlie  two  moveable  conical  valves,  which  shut  aud  open  alternately 
under  the  action  of  the  piston,  thus  opening  and  closing  the  com- 
munication of  each  compartment  with  the  receiver.  The  air  of  the 
lower  compartment,  compressed  when  the  piston  descends,  raises 
a  valve  held  by  a  spring,  over  the  orifice  of  the  pipe  formed  in  the 
piston-rod ;  it  escapes  to  the  outside  by  this  pipe.  The  air  of  the 
upper  comportment  escapes  by  a  valve  of  the  same  kind  fitted  to 
the  lid  of  the  cylinder.  A  system  of 
toothed  wheels  is  put  into  motion  by  a 
haniUe ;  and  as  the  cylinder  can  oscillate 
in  a  vertical  plane,  the  alternate  move- 
ment of  the  piston  is  accomplisheii  by 
a  continuous  movement  of  rotation,  the 
velocity  of  which  is  regulated  by  a  very 
heavy  fly-wheel  (Fig.  85).  With  this 
machine  a  vacuum  can  be  rapidly  pi-o- 
duced  in  receivers,  the  capacity  of  which 
may  increase  with  the  dimensions  of  t)ie 
cylinder.' 

Vie  have  had  already  severnl  times 
occasion  to  describe  some  curious  experi- 
ments made  by  the  aid  of  the  air-pump : 
we  shall  in  the  sequel  refer  to  others, 
connected  with  the  phenomena  of  boat, 
Nound,  and  electricity.  We  shall  content  ourselves  here  by  indicating,' 
Home  wlii<ih  contAern  the  plienomena  of  weight.  Kor  example,  it  is 
proved  that  water  ordinarily  contains,  in  solution,  nir  retained  in  it 
by  the  atmosplieiic  pressure.  In  the  receiver,  we  see  the  bubbles 
of  air  attached  to  the  sides  increase  as  the  pressure  diminishes, 
and  mount  to  the  surface  of  the  water.  Smoke,  wliich  in  the 
atmosphere  rises  above  the  lower  -iitrata,  falb  in  vacuo  like  a  heavy 
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■  M.  Deleuil  has  constructed  sd  air-]]iiiiip  nperiiillj  intentteil  fnr  induBtrinl  ubri, 
tbe  piston  of  which  do«a  not  touch  the  walls  of  the  cyliruler.  The  thin  stratum  of 
wr  which  remaiDS  in  the  space  serves  an  a  fitting  to  the  piston,  so  that  the  resist- 
ance due  to  the  fiiciion  of  tbe  piston  in  the  ordinuiy  cjltnder  is  done  awaj  with. 
M.  Deleuil  obtains  in  a  receiver  of  14  litres  iji  capacity  «  degree  of  Tarefactiun 
measured  by  3  millimetres  of  presanre  only. 
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as  to  form  a  bottom  to  it.  In  the  other  scale  a  counterpoise  is 
placed  equal  to  the  difiference  between  the  weight  of  the  cylinder 
and  that  of  the  disc.  Lastly,  standard  weights  are  added,  which 
cause  the  disc  to  press  against  the  bottom  edge  of  the  cylinder. 
Water  is  then  poured  into  the  latter.  The  pressure  of  the  liquid 
on  the  moveable  bottom  by  degrees  increases ;  when  it  has  become 
equal  to  the  added  weights,  the  least  excess  of  liquid  detaches  the 
disc,  and  the  water  flows  out.  But  the  pressure  diminishes  by  this 
outflow,  and  the  disc  again  adheres  closely  to  the  cylinder.  A 
pointer  which  touches  the  surface  of  the  water  marks  its  level  at 
the  moment  of  equilibrium. 

It  is  seen  from  this  first  experiment,  that,  as  we  should  expect, 
the  jrressure  exercised  oil  the  bottom  of  tJie  vessel  is  jprecisdy  eq'iial  to 
the  weight  of  the  liquid. 

K  now  we  repeat  the  experiment  with  a  vessel  with  the  same 
sized  orifice  at  bottom  as  the  cylinder,  but  wider  at  the  top,  and 
consequently  of  much  greater  volume,  we  find  identically  the  same 
result — that  is  to  say,  the  same  weight  counterpoises  a  colunm  of 
liquid  of  the  same  height.  The  result  is  the  same  if  a  vessel  nar- 
rowed at  the  top  is  employed,  provided  that  the  surface  of  the  base 
remains  the  same. 

Thus,  the  pressure  exercised  by  the  weight  of  a  liquid  on  the 
bottom  of  the  vessel  which  contains  it  is  independent  of  the  form 
of  the  vessel,  but  proportional  to  the  height  of  the  liquid,  and  lastly, 
equal  to  the  weight  of  a  liquid  column  of  the  same  height,  having 
the  bottom  of  the  vessel  for  a  base. 

The  experimental  demonstration  of  the  first  part  of  this  law 
may  also  be  shown  by  the  aid  of  Haldat*s  apparatus;  but  the 
measure  of  the  pressure  is  not  directly  given,  as  in  the  first  method. 
It  is  shown  by  the  elevation  of  a  column  of  mercury  in  a  tube, 
as  shown  in  Fig.  40. 

K,  instead  of  inquiring  the  degree  of  pressure  on  the  bottom 
of  the  vessel,  we  wished  to  find  that  exercised  on  the  surface  of 
a  liquid  stratum,  or  the  sides  of  the  vessel,  this  pressure  would  be 
found  to  be  the  same,  with  equal  surfaces  and  the  same  depth ;  for 
it  is  also  measured  by  the  weight  of  a  vertical  liquid  column,  having 
the  pressed  surface  for  its  base,  and  for  its  height  the  distance  of 
the  stratum  from  the  surface  of  the  liquid. 

F 
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The  following  experiment  demoustratea  tliU  law  in  the  case  of  a 
surface  taken  on  an  interior  horizontal  stratum ; — 

A  cylinder,  open  at  the  two  ends,  and  furnished  with  a  disc 
or  moveable  covering,  which  serves  it  aa  a  bottom,  is  plunged 
vertically  into  a  vessel  full  of  water  (Fig.  41).  The  hand  la  obliged 
to  exert  an  effort  in  introducing  the  cylinder,  which  proves  that  the 
liquid   exercises  an  upward  pressure  which  holds  the  disc  against 


a  liquid  gn  Ibe  Iwttom  of 


:  HmltUl'B  InfiCratnenL 


the  edges  of  the  cylinder  and  prevents  the  water  from  getting  in. 
If,  now,  water  is  jxmred  into  the  tube,  equilibriom  continues  as 
long  as  the  interior  level  is  lower  than  the  exterior  one.  At 
the  moment  when  equality  is  attained  in  the  levels,  and  even  a 
little  before,  on  accoimt  of  the  weight  of  the  disc,  the  latter 
gives  way,  and  equilibrium  is  destroyed.  The  same  result  is 
always  produced  to  whatever  dej)th  the  cylinder  is  immersed, 
lleuce  Ellis  law:^ 
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In,  a  liquid  in  eguil^ium  under  the  sole  action  of  (he  force  of 
gravity,  the  presmre  on  a  definite  point  of  the  same  horizontal  stratum 
is  constant ;  itis  measured  by  tlis  weight  of  a  liquid  column  having  for 
base  the  area  of  the  surface  under  pressure,  and  for  height  the  vertical 
depth  of  the  stratum. 

The  lateral  pressures  on  the  walls  are  measured  in  the  same  way. 
It  must  be  added  that  their  pressure  is  always  exerted  m)mially, 
that  is  to  say  perpendicularly  to  the  surface  of  the  walls,  bo  that  it  is 
exerted  in  a  direction  contrary  to  the  action  of  gravity,  if  the  wall  is 
horizontal  above  the  liquid. 


We  will  give  some  experiments  which  prove  the  existence  and  the 
directions  of  these  pressures, 

A  cylinder  (Fig.  42)  is  terminated  by  a  veiy  thin  metallic  ball 
pierced  with  holes  in  all  directions.  If  it  be  filled  with  water,  it  will 
be  seen  to  spout  out  through  all  the  orifices,  and  the  direction  of  the 
jet  is  always  normal  to  the  portion  of  surface  whence  it  escapes.  In 
the  rose  of  a  watering-can  the  water  escapes  in  virtue  of  this  property 
of  liquids  to  press  laterally  against  the  walls  of  tlie  vessels  which 
contain  them. 

The  hydraulic  tourniquet  shows  the  lateral  pressure  exerting  itself 
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l)oth  in  two  opposite  directions  at  the  two  entremities  of  a  doubly 
curved  horizontal  tube  (Fig.  43).  If  this  tube  were  not  open,  the 
lateral  pressure  on  the  end  would  be  counterbalanced  by  an  equal  and 
contrary  pressure  at  the  elbow,  and  the  instrument  would  remain  at 


rest;  but  the  orifices  at  each  extremity  permit  two  liquid  jets  to  escape, 
and  as  the  pressure  on  each  elbow  is  no  longer  counterbalanced,  a 
backward  movement  follows  and  a  rotation  of  the  tube  is  set  up. 
Tlie  pressui-es,  lateral  or  otherwise,  exerted  normally  on  the  walls 
explain  all  that  ia  peculiar  in  the 
equality  of  preBSure  on  the  bottom 
of  vessels  of  different  forms.     In 
a   wide-mouthed    conical   vessel, 
the  lateral  walla  support  the  ex- 
cess of  the  total  weight  of  the 
liquid  over  that  of  the  column 
II  uKhuii  cua.  »  which  measures  the  pressure  on 

the  bottom.     In  a  narrow-topped  vessel,  the  walls  are  subjected  to 
pressures  in  a  direction  opposed  to  that  of  the  force  of  gravity,  and 
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the  amount  of  this  pressure  is  precisely  equal  to  that  irliich  in 
vanting  to  form  the  liquid  cylinder,  the  weight  of  which  is  equivalent 
to  the  pressure  on  the  horizontal  bottom  of  the  vessel  (Fig.  44). 

Thus  is  explained  the  pheuomenon,  which  at  first  appears  so  singular, 
of  liquid  columns 
very  different  in 
weight  when  they 
are  measured  in 
the  scale  of  a  ba- 
lance.nevertheless 
exerting  the  same 
pressure  on  a  unit 
of  surface  in  the 
bottom  of  a  vessel, 
if  the  weight  of  the 
liquids  be  equal. 
Pascal  proved  this 
fact,  which  is 
called  the  hydro- 
static paradox.  He 
burst  the  staves  of 
a  solidly  construc- 
ted barrel,  filled 
with  water,  the 
bung-hole  of 
which  was  sur- 
mounted by  a  very 
narrow,  high  tube, 
and  he  did  this 
by  simply  filling 
this  tube  with 
water;  that  is  to 
say,  by  adding  to 
the  whole  weight 
an       insignificant 

addition  (Fig.  45).  The  walls  of  the  barrel  had  to  support  the 
same  pressure  as  if  they  had  been  surmounted  by  a  mass  of  water 
having  a  base  equal  to  the  bottom  of  the  barrel  and  the  same  height 
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as  the  length  of  the  column  of  water  in  the  tube.  One  kilogrsmme 
of  water  can  produce,  in  this  manner,  the  same  effect  as  thousands 
of  kilogrammes. 

If,  in  the  same  vessel,  we  introduce  liquids  of  various  densities,  not 

susceptible  of  mixing — for  example,  mercury,  water,  and  oil — these 

liquids  will  range  themselves  in  the  order  of  density.      Moreover, 

when  equilibrium  is  established  (Fig.  46), 

the    separating   surfaces  are  plane  and 

horizontal. 

This  experimental  fact  might  be  fore- 
seen, for  the  equilibrium  of  a  single  liquid 
insisting  upon,  as  we  have  before  seen,  a 
horizontality  of  surface,  this  equilibrium 
is  not  broken,  when  this  surface  also 
supports  at  every  point  a  pressure  due 
to  a  superposed  liquid. 

It  is  possible,  with  great  precautions, 
to  obtain  equilibriiun  with  two  liquids  of 
nearly  equal   densities,  by  placing    the 
I  heavier  oue  uppermost,  but  the   equili- 
brium is  unstable,  and  the  least  agitation 
again  establishes  the  order  of  densities. 

This  is  the  reason  of  the  existence,  in  the  fiords  or  g«l&  on  the 
Norwegian  coasts,  of  the  sheets  of  fresh  water  brought  by  the  rivers, 
which  have  been  observed  ;  these  maintain  themselves  on  the  surface 
of  the  salt  water  without  mixing  with  it,  although  sea-water  is 
heavier  thau  fresh  water.  Vogt  records  that  in  one  fiord  one  of 
these  sheets  was  1 ".  50  deep.  Tliis  phenomenon  is  only  possible 
in  calm  localities,  as  the  agitation  caused  by  winds  would  soon  mix 
the  fresh  water  with  the  salt  The  same  fact  has  been  noticed  in 
the  Thames,  the  tides  bringing  the  sea-water  to  a  great  distance  in 
the  bed  of  the  river. 

The  equilibrium  of  a  liquid  contained  in  a  vessel  and  submitted 
to  the  action  of  gravity  alone  is  independent  of  the  form  of  the 
vessel.  Hence  this  very  natural  consequence,  that  a  liquid  rises  to 
the  same  height  in  two  or  more  vessels  which  communicate  one  with 
the  other.  Experiment  shows  that  the  level  is  always  the  same  in 
different  tubes  or  vessels  connected  together  by  a  tube  of  any  form 
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whatever,  provided   always   that  the   diameter  of   each  be  not  too 
small  (Fig.  47). 

It  ia  this  principle  which  serves  as  a  basis  to  the  tlieory  of  arte- 
sian wells,  the  construction  of  tlie  fountains  whicli  play  in  public 
or  private  gardens,  and  the  distribution  of  water  in  our  towns. 
We  shall  return  to  these  interesting  applications  in  another 
volume.  It  is  the  principle  only  wliich  interests  us  here.  The 
water  which  arrives  at  the  orifice  of  an  artesian  well,  often  proceeds 
from  very  distant  reservoirs,  forming  as  it  were  subterranean  rivers, 
the  level  of  which,  at  the  source,  is  higher  than  at  tlie  point  of 
outflow.     The  pressure  is  thus  transmitted  to  a  distAnce,  and  tlie 


jet  which  follows  would  rise  precisely  to  flie  siinie  height  as  the 
original  source,  were  it  not  for  the  resistance  of  the  air  and  the 
friction  to  which  the  ascending  column  is  subject  in  its  passage. 
The  same  thing  happens  with  the  jets  of  water  fed  by  a 
reservoir  higher  than  the  basin  and  communicating  with  it  hy 
subterranean  pipes. 

If  two  communicating  vessels  contain  liquids  of  different  den- 
sities, the  heights  are  no  longer  equal  (Fig.  48). 

Let  us  first  try  mercury.  The  level  will  be  established  in  the 
two  tubes  at  the  same  height.     In  the  left-hand  tube,  let  us  now 
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pour  water.  The  mercury  will  rise  in  the  right-hand  tube,  under 
the  influence  of  the  pressure  of  the  new  liquid.  Equilibrium  having 
been  established,  it  is  easily  proved  that  the  heights  of  the  level 
of  the  water  and  of  the  mercury,  meaaured  from  their  common 


plane  of  separation,  are  in  the  inverse  ratio  of  their  densities.  For 
example,  if  the  mercury  rises  3  millimetres,  the  column  of  water 
will  have  a  length  of  40'8  millimetres ;  that  is  to  say,  a  length 
130  times  greater.  Now,  a  volume  of  water  weighs  136  times  less 
than  an  equal  volume  of  mercury. 
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CHAPTER  VII. 

EQUILIBRIUM   OF   BODIES   IMMERSED   IN   LIQUIDS. — PRINCIPLE   OF 

ARCHIMEDES. 

Pressure  or  loss  of  weight  of  immersed  bodies. — Principle  of  Archimedes. — Experi- 
mental demonstration  of  this  principle. — Equilibrium  of  immersed  and  floating 
bodies. — Densities  of  solid  and  liquid  bodies  ;  Areometers. 

TjlVEEYBODY  knows  that  when  we  immerse  in  water  a  sub- 
-*-^  stance  lighter  than  itself, — a  piece  of  wood,  or  cork,  for 
instance, — it  requires  a  certain  effort  to  keep  it  there.  If  left  to 
itself,  it  rises  vertically  and  comes  to  the  surface,  where  it  floats, 
partly  in  and  partly  out  of  the  watt^r. 

Wliat  is  the  cause  of  this  well-known  phenomenon  ?  The  force 
of  gravity.  In  the  air,  the  same  body  left  to  itself  falls  vertically ; 
in  water,  the  lateral  pressures,  the  downward  pressures,  and  those 
in  the  contrary  direction,  are  j)artly  destroyed,  and  are  reduced  to 
a  pressure  which  is  exerted  in  a  direction  contrary  to  the  force  of 
gravity.  We  have  proved  the  existence  of  this  pressure  in  an  ex- 
periment before  described  (Fig.  41).  It  is  stated,  and  experiment 
confirms  the  theory,  that  this  pressure  is  precisely  equal  to  the 
weight  of  the  liquid  displaced.  The  point  of  application  of  this 
force,  which  is  called  the  cfnire  of  pra^'mre,  is  the  centre  of  gravity 
of  the  volume  of  liquid,  the  place  of  which  is  occupied  l)y 
the  body.  The  loss  of  weight  of  which  we  speak  being  greater, 
for  bodies  lighter  than  water,  than  the  weight  of  the  body  itself, 
it  is  evident  that  it  must  cause  the  body  to  move  in  a  direction 
opposite  to  that  which  gravity  would  impose  on  it;  hence  the 
rising  of  the  piece  of  wood  or  cork  to  the  surface  of  the  liquid. 
But  tliis  loss  occurs  also  in  the  case  of  bodies  heavier  than  water, 
and  in  any  kind  of  liquid.     Every  one  knows  that  it  was  Archi- 
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medes,  one  of  the  greatest  geometers  and  physicists  of  antiquity, 
who  had  the  glory  of  discovering  this  principle,  which  is  known  by 
his  name: — 

All  bodies  immersed  in  a  liquid  suffer  a  loss  of  weight  precisely 
eqiutl  to  ihe  weight  of  the  displattd  liquid. 

The  experimental  demonstration  of  the  principle  of  Archimedes 
is  made  by  means  of  the  liydrostatic  balance. 

Take  a  liollow  cylinder,  the  capacity  of  which  is  exactly  equal  to 
the  volume  of  a  solid  cylinder,  so  that  the  latter  can  exactly  fill  the 


former.  Both  are  furnished  with  hooks,  so  that  the  solid  cylinder  can 
be  placed,  with  tlie  hollow  one  above  it,  below  one  of  the  pans  of  the 
hydrostatic  balance  (Fig.  49).  This  done,  the  beam  ia  raised  by 
means  of  rackwork  fitted  to  the  column  of  the  balance,  high  enough 
to  permit  a  vessel  filled  with  water  to  be  placed  beneath  the  two 
cylinders,  when  the  beam  is  horizontal. 

In  this  state,  equilibrium  is  established  by  the  aid  of  a  counter- 
poise in  the  other  scale.     If  then  the  beam  of  the  balance  is  lowered. 
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the  solid  cylinder  is  immersed  in  the  water,  and  equilibrium  is  dis- 
turbed. This  alone  would  suffice  to  demonstrate  the  vertical  piessure, 
or  the  loss  of  weight  of  the  immersed  body.  To  measure  this  weight, 
the  solid  cylindei  itself  is  placed  entirely  in  the  water,  and  equili- 
brium is  re-established  by  pouring  water  slowly  into  the  hollow 
cylindrical  vessel.  It  will  then  be  seen  that  the  beam  will  again 
become  horizontal,  as  soon  as  the  hoUow  cylinder  is  quite  filled. 

Thus  the  lose  of  weight  is  exactly  equal  to  the  weight  of  the 
water  poured  in,  that  is  to 
say,  the  water  displaced  by 
the  immersed  body.  The 
preceding  experiment  then 
fully  proves  the  principle 
of  Archimedes. 

How  is  it  then  that  equi- 
librium is  not  disturbed, 
when,  after  having  exactly 
balanced  a  vessel  containing 
liqnid  and  a  solid  body 
placed  side  by  side  on  the 
plat«  of  a  balance,  the  solid 
body  is  immersed  in  the 
water  !  The  solid  tody  loses 
weight,  as  has  been  proved. 
Neverthelessthe  equilibrium 
remains.  It  must  be  that 
the  vessel  and  its  contents 
have  been  increased  by  an 
equivaleut  weight,  or  that, 
to  put  it  another  way,  tlie 
water  undergoes  from  above  ^'"* 
downwards  a  pressure  equal 
to  that  at  work  upwards.  That  this  explanation  is  correct  is  proved 
by  the  aid  of  the  apparatus  above  described. 

A  vessel  partly  filled  with  water  is  weighed.  Then  the  solid  cylinder 
is  immersed,  supported  separately,  as  is  shown  in  Fig.  50.  Equili- 
brium is  disturbed :  the  beam  leans  to  the  side  of  the  vessel.  By 
how  much  is  the  weight  of  the  water  augmented  by  the  immersion  ? 
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Precisely  by  the  weight  of  the  displaced  water :  as  is  proved  by  the 
fact  that,  in  order  to  again  establish  equilibrium,  it  is  sufficient  to  take 
from  the  vessel  a  volume  of  water  exactly  sufficient  to  fill  the  hollow 
cylinder  of  the  same  interior  capacity  as  the  body  immersed. 

The  principle  of  Archimedes  is  of  great  importance.  It  enables  us 
to  determine  the  conditions  of  equilibrium  with  immersed  or  floating 
bodies,  to  explain  numerous  hydrostatic  phenomena,  and  to  solve  a  host 
of  problems  of  great  practical  interest  For  example,  it  enables  us  to 
determine  beforehand  what  must  be  the  form,  weight,  and  distribution 
of  the  caigo  of  ships,  in  order  that  stable  equilibrium  be  properly 
combined  with  the  other  qualities  of  the  vessel,  such  as  rapidity,  &c. 

At  each  instant  we  have,  in  the  phenomena  which  take  place  iu 
liquids,  proofs  of  the  existence  of  pressure.  When  we  take  a  bath,  if 
we  compare  the  effort  wliich  is  necessary  to  raise  one  of  our  limbs  to 
the  top  of  the  water,  with  that  which  it  requires  in  air,  we  are  struck 
with  the  difterence.  Very  heavy  stones,  that  we  should  have  great 
trouble  to  lift  out  of  water,  are  moved  and  lifted  with  facility  when 
they  are  immersed  in  it.  Lastly,  when  we  walk  into  a  river  which 
imperceptibly  gets  deeper,  we  feel  the  pressure  of  our  feet  on  the 
bottom  diminish  by  degrees,  until  at  last  we  no  longer  have  any 
power  to  walk  forward.  The  weight  of  our  body  is  nearly  counter- 
balanced by  the  pressure  of  the  liquid,  and  we  tend  to  take  a 
horizontal  position  in  consequence  of  the  unstable  equilibrium  in 
which  we  find  ourselves. 

This  brings  us  to  say  a  few  words  on  the  conditions  of  equilibrium 
of  bodies  immeraed  in  liquids  or  capable  of  floating  on  their  surface. 

It  is  at  once  evident  that  an  immersed  body  cannot  be  in  equili- 
brium if  its  weight  exceeds  that  of  an  equal  volume  of  the  liquid. 
In  this  case  it  falls,  under  the  action  of  the  excess  of  weight  over 
pressure.  Neither  will  it  remain  in  equilibrium  if  its  weight  is  less 
than  the  displaced  liquid:  in  this  case  it  will  rise  to  the  surface, 
urged  by  the  excess  of  pressure  over  its  weight  or  over  the  force 
of  gravity.  It  is  thus  that  cork,  wood — at  least  certain  kinds  of 
wood — ^wax,  and  ice,  swim  on  the  surface  of  water,  whilst  most  of 
the  metals,  stones,  and  numerous  other  substances  fall  to  the  bottom. 
Since  mercury  is  a  liquid  of  great  density,  most  of  the  metals  float 
on  its  surface.  A  leaden  ball,  a  piece  of  iron,  or  copper  will  not  sink 
in  it ;  gold  and  platinum,  on  the  contrary,  will. 
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We  will  now  examine  the  case  of  a  body,  the  specific  gravity  of 
which  is  precisely  equal  to  that  of  the  liquid.  If  its  substance  is 
perfectly  homogeneous,  the  body  will  remain  in  equilibrium,  in 
whatever  position  it  is  placed,  in  the  middle  of  the  liquid.  In  this 
case,  the  weight  and  the  pressure  not  only  are  equal  and  opposite, 
but  are  both  applied  at  the  same  point ;  that  is  to  say,  the  centre  of 
gravity  and  the  centre  of  pressure  coincide. 

Fish  rise  and  fall,  at  will,  in  water.  These  different  movements 
are  rendered  possible  by  the  faculty  these  creatures  have  of  com- 
pressing or  expanding  a  sort  of  elastic  bag  filled  with  air,  situated  in 
the  abdomen.  According  to  the  volume  of  the  swimming-bladder — 
that  is  the  name  of  the  organ — the  body  of  the  fish  is  sometimes 
lighter  and  sometimes  heavier  than  the  volume  of  water  which 
it  displaces :  in  the  first  case  it  rises,  in  the  second  it  descends. 
M.  Delaunay  quotes,  in  his  Course  of  Physics,  a  very  curious  phe- 
nomenon which  is  very  easily  explained  by  the  principle  of  Archi- 
medes. "  When,"  he  says,  "  a  grape  is  introduced  into  a  glass  full 
of  champagne,  it  immediately  falls  to  the  bottom.  But  the  carbonic 
acid,  which  continually  escapes  from  the  liquid,  soon  forms  many 
little  bubbles  round  it.  These  bubbles  of  gas  add,  so  to  speak, 
to  the  bulk  of  the  grape,  increase  its  volume,  without  its  weight 
being  sensibly  augmented :  the  pressure  of  the  liquid,  which  was 
at  first  less  than  the  weight  of  the  grape,  soon  becomes  greater 
than  this  weight,  and  the  grai)e  rises  to  the  surface  of  the  liquid. 
If,  then,  we  give  a  little  jerk  to  the  grape,  and  detach  from  it  the 
bubbles  of  carbonic  acid  which  adhere  to  its  surface,  it  again  descends 
to  the  bottom  of  the  glass,  after  a  short  time  to  remount.  The 
experiment  may  thus  be  continued  as  long  as  any  carbonic  acid 
escapes." 

If  the  immersed  body  is  not  homogeneous, — if,  for  example,  it  is 
made  of  cork  and  lead,  the  substances  having  been  combined  in  such 
a  manner  as  to  weigh  together  as  much  as  the  displaced  water 
(Fig.  51),  without  having  a  common  centre  of  gravity,  the  centre 
of  gravity  of  the  whole  and  the  centre  of  pressure  no  longer 
coincide.  To  establish  equilibrium  these  two  points  must  be  in 
the  same  vertical  plane,  as  in  the  positions  1  and  2,  or  otherwise 
equilibrium  will  be  unstable,  if,  as  in  2,  the  centre  of  gravity  is 
uppermost.     In  position  3,  this  condition  not  being  realized,  equili- 
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brium  will  only  take  place  when  the  oscillations  of  the  body  bring 
it  to  the  first  position. 

When  a  body  displaces  a  volume  of  liquid,  the  weight  of  which 
is  greater  than  its  own,  either  in  consequence  of  its  real  volume 
or  of  its  fonn,  it  floats  on  the  surface. 

In  this  case,  the  weight  of  the  water  which  the  portion  immersed 
displaces  is  precisely  that  of  the  body  and  the  load  which  it 
supports :  thus  a  ship,  with  its  cargo  of  men,  materials,  and  mer- 
chandise, weighs  altogether  just  as  much  as  the  volume  of  the  sea- 
water  displaced. 

Moreover,  the  second  condition  of  eqidlibrium  is  still  the  same ;  that 
is  to  say,  the  centre  of  gravity  of  the  body  and  the  centre  of  pressure 
must  be  on  the  same  vertical  line.  But  it  is  no  longer  indispensable  to 
stability,  that  the  first  point  be  below  the  other.     Besides,  according 


Fi(i.  51.— Equilibrium  of  a  body  immersed  in  a  liquid  of  the  same  density  u  its  own. 


to  the  position  and  the  form  of  the  floating  body,  the  form  of  the 
displaced  volume  itself  changes,  and  the  centre  of  pressure  changes 
with  it,  so  that  at  each  instant  the  conditions  of  equilibrium  vary. 

In  ships,  perfect  equilibrium  never  exactly  exists,  even  when  the 
sea  is  smooth  and  calm.  Oscillations  of  greater  or  lesser  amplitude 
are  always  taking  place ;  the  principal  point  to  attain  is  that,  under 
the  most  unfavourable  circumstances,  the  movements  of  the  vessel 
shall  not  be  decided  enough  to  upset  it. 

The  principle  of  Archimedes  is  of  the  greatest  use  in  scrience,  in 
determining  the  specific  gravity  of  liquid  or  solid  bodies.  Let  us 
briefly  indicate  the  methods  adopted  for  this  determination. 
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Let  us  remember  that  the  specific  gravity  of  a  body  is  the  rela- 
tion which  exists  between  its  weight  and  that  of  an  equal  volume  of 
pure  water  taken  at  a  temperature  of  4  degrees  centigrade.  How  can 
we  find  the  number  which  expresses  the  specific  gravity  of  a  body  ? 
First,  we  must  obtain  its  weight:  for  this  the  balance  is  used.  Secondly, 
we  must  know  the  weight  of  an  equal  volume  of  water :  the  opera- 
tions necessary  for  this  determination  will  be  described  in  the  sequel. 
These  two  numbers  obtained,  the  quotient,  the  first  divided  by  the 
second,  gives  the  specific  gravity. 

The  only  difficulty  is  then  to  find  the  weight  of  a  volume  of  water 
equal  to  that  of  the  body.  We 
will  explain  the  three  methods 
employed.  Let  us  take  the  case 
of  a  piece  of  iron  weighing  in 
the  air  246*5  gr.  It  is  sus- 
pended by  a  very  fine  cord  to 
one  of  the  plates  of  the  hydro- 
static balance,  and  to  establish 
ei[uilibrium  a  counterpoise  is 
placed  in  the  other  plate.  Then 
the  balance  is  lowered  until  the 
piece  of  ii-on  is  immersed  in 
the  water  (Fig.  52).  At  this 
moment  the  beam  falls  on  the 
side  of  the  tare,  and  it  is 
necessary  to  put  weights  equal 
to  31*65  gr.  in  the  plate  which 
holds  the  body,  to  re-establish 
equilibrium.  These  weights  re- 
present the  displaced  water.  On 
dividing  246*5  by  31*65,  7788 
is  found  to  be  the  specific 
gravity  of  the  iron,  which  shows 

that  for  equal  volumes  the  iron  weighs  7  and  788  thousandths  times 
as  much  as  water.     "We  now  come  to  the  second  method. 

Fig.  53  represents  an  instrument  called  an  areometer,^  which  was 

^  From  the  Greek  apatosy  right,  and  yLtrpov,  measure.  Areometers  were  first 
Uiied  to  determine  the  densities  of  liquids,  as  we  shall  see  further  on. 


Fia.  52.— Density  of  solid  bodies.    Method  of  the 
hydrostatic  bahince. 
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invented  by  the  physicist  Charles,  although  it  is  generally  attributed 
to  Nicholson;  it  is  constructed  so  that  when  placed  in  water  the 
liquid  is  precisely  level  with  a  standard  point  on  its  upper  rod,  when 
the  pan  which  surmounts  this  rod  is  charged  with  a  known  weight, 
let  Its  aay  100  grammes.  We  place  the  body  whose  specific  gravi^ 
is  sought  for  in  the  little  pan  at  the  top,  and  standard  weights 
are  added  to  obtain  the  level  If,  for  instance,  358  gr,  have  been 
added,  the  difference,  642  gr.,  of  this  last  weight  and  the  100  grammes 
evidently  gives  the  weight  of  the  body  in  air. 

From  what  has  been  said  it  will  be  seen  that  the  areometer  is  a 
true  balance. 


at  Clurlea  or  Nlchalwn. 


The  body  is  next  taken  out  of  the  upper  pan,  and  is  placed  in  the 
little  vessel  suspended  under  the  instmnient :  it  loses  some  of  its 
weight,  so  that  the  areometer  rises,  and  more  standard  weights  must 
be  added  to  bring  it  again  to  the  level :  let  us  suppose  31  grammes 
added— this  is  the  weight  of  a  volume  of  water  equal  to  that  of  the 
body.  Dividing  642  by  31,  we  find  207  the  ratio  sought  (the 
specific  gravity  of  sulphur). 
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the  sound,  indicates  a  difference  between  the  velocity  of  light  and 
that  of  sound ;  but  as  the  velocity  of  light,  compared  with  that  of 
sound,  may  be  considered  as  infinite,  this  interval  gives  without  any 
perceptible  error  the  time  which  sound  takes  to  be  propagated  from 
one  point  to  another.  We  also  leani  by  daily  observation  that  this 
interval  increases  with  the  distance.  I  remember  having  admired  on 
the  coast  of  the  Mediterran^n  the  curious  s^>ectacle  of  a  man-of-war 
practising  with  cannon.  I  saw  the  smoke  of  the  guns,  then  the 
ricochet  of  the  cannon-balls  on  the  crests  of  the  waves,  long  before 
1  heard  the  thunder  of  the  report. 

Sound  is  propagated  by  a  succession  uf  impulses ;  we  shall  soon 
learn  with  what  velocity.  But  what  is 
the  medium  which  serves  as  a  vehicle  to 
this  movement  ?  Is  it  the  ground  ?  Is 
it  communicated  l>y  tlie  inter\ention  of 
solids,  liquids,  or  the  air,  or  by  these 
several  media  at  once  ?  The  following 
experiment  will  answer  these  questions. 

Let  us  place  under  the  receiver  of  an 
air-pump  a  clockwork  arrangement  fur- 
nished with  a  bell,  the  hammer  of  which 
is  temporarily  fixed,  but  is  capable  of  beiuji 
moved  at  will  by  a  rod  (Fig.  93).  Befoi-i; 
exliausting  the  receiver,  the  bell  is  dis- 
tinctly heard  when  struck  by  the  hammer  . 
But  in  proportion  as  the  air  is  rarefied 
the  sound  diminishes  in  intensity;  and 
iifi  soon  as  the  vacijum  is  approximately 
perfect,  it  is  completely  lost  if  the  precau- 
tion has  been  taken  to   place  tlie  appa- 

nitUM  on  a  cusliion  of  cork,  or  wadding,  or  any  siilistaiice  wliicli  is  soft 
and  more  or  less  elastic.  The  liammer  is  then  .seen  to  strike  the 
bell,  but  no  sound  can  be  heard.  If  we  now  introduce  into  tlie 
receiver  any  other  gaa,  such  aa  hydrogen,  carbonic  acid,  oxygen, 
ether-vapour,  &c.,  the  sound  is  again  heard.  Thus  air  and  all  gases  are 
vehicles  of  sound.  But  they  do  not  all  possess  this  property  to  the 
same  eit«nt  TIius,  according  to  Tyndall's  experiments,  the  conduc- 
tivity of  hydrogen  gas  for  sound  is  much  less  than  that  of  air,  at  an 
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equal  pressure,  while  the  velocity  of  propagation  is  nearly  four  times 
greater  in  hydrogen  than  in  air. 

Solid  bodies  also  transmit  sound,  but  in  very  varied  degrees 
depending  on  their  elasticity.  Thus  in  the  preceding  experiments, 
even  when  the  vacuum  is  nearly  perfect,  if  we  place  the  ear  close 
to  the  receiver,  we  hear  a  very  feeble  sound  transmitted  to  the  sur- 
roun<ling  air  by  the  cushion  and  the  plate  of  the  air-pump.  The 
transmission  of  sound  through  solids  is  proved  even  better  by  the 
fact  that  the  sound  of  the  bell  is  simply  enfeebled  if  we  place  the 
clock-work  apparatus  on  the  glass  plate  of  the  air-pump  without  the 
intervention  of  a  soft  cushion. 

Water,  and  liquids  in  general,  are  also  vehicles  of  sound,  and 
as  regards  intensity  and  velocity  are  better  conductors  than  air.  A 
diver  when  under  wat^ir  hears  the  least  noise  ;  for  example,  that  made 
by  flints  rolling  and  knocking  against  each  other. 

We  must  not  confound  the  sounds  w^hich  we  perceive  through  the 
medium  of  the  air  with  those  which  solids  guch  as  the  groimd  or 
elastic  bodies  transmit  to  us.  If  the  ear  be  placed  at  the  extremity 
of  a  rather  long  piece  of  wood,  we  can  clearly  distinguish  the  noise 
produceil  by  the  friction  of  a  pin  or  the  tip  of  a  feather  at  the  oppo- 
site extremity,  while  a  person  standing  near  the  middle,  but  with  his 
ear  not  close  to  the  wood,  heai-s  nothing.  The  ticking  of  a  watch 
hun<T  at  the  end  of  a  long  tul)e  of  metal  is  distinctly  heard  at  the 
other  .end,  while  those  near  the  watch  do  not  perceive  any  sound. 
Hassenfratz,  "having  descended  one  of  the  quarries  under  Paris, 
instructed  some  one  to  strike  the  walls  of  one  of  the  subterranean 
galleries  with  a  hammer :  he  gradually  went  further  away  from  the 
point  where  the  blows  were  given,  and. on  placing  liis  ear  against  the 
wall  he  distiii^'uislud  two  sounds,  one  being  transmitted  by  the  stone 
and  the  other  by  the  air.  The  first  arrived  at  the  ear  much  sooner 
than  the  other,  but  it  also  died  away  much  more  rapidly  in 
]>i'o])ortion  fis  the  obsener  removed  further  from  the  source,  so  that 
it  ceuvsed  to  be  heard  at  the  distance  of  a  hundred  and  thirty-four 
paces,  while  the  sound  transmitted  l)y  the  air  only  ceased  to  be  heard 
at  a  distance  of  four  hundred  paces."    (Haliy.) 

Similar  experiments,  when  tried  with  long  wooden  or  iron  bars, 
<j:ive  tlie  same  result  butli  as  to  the  higher  velocity  and  reduced 
intensity. 
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Humboldt,  in  describing  the  dull  noises  which  nearly  always 
accompany  earthquakes,  quotes  a  fact  which  shows  the  facility  with 
which  solid  bodies  transmit  sound  to  great  distances.  "  At  Caracas," 
he  says,  "  in  the  plains  of  Calabozo  and  on  the  borders  of  Rio-Apure, 
one  of  the  affluents  of  the  Orinoco,  that  is  to  say  over  an  extent  of 
130,000  square  kilometres,  one  hears  a  frightful  report,  without 
experiencing  any  shock,  at  the  moment  when  a  torrent  of  lava  flows 
from  the  volcano  Saint-Vincent,  situated  in  the  Antilles  at  a  distance 
of  1,200  kilometres.  Tliis  is,  as  regards  distance,  as  if  an  eruption  of 
Vesuvius  was  heard  in  the  North  of  France.  At  the  time  of  the 
great  eruption  of  Cotopaxi  in  1744,  the  subterranean  reports  were 
heard  at  Honda,  on  the  borders  of  Magdalena:  yet  the  distance 
between  these  two  points  is  810  kilometres,  their  difference  of  level 
is  5,500  metres,  and  they  are  separated  by  the  colossal  mountainous 
masses  of  Quito,  Pasto,  and  Popayan,  and  by  numberless  ravines 
and  valleys.  The  sound  was  evidently  not  transmitted  by  the  air, 
but  by  the  earth,  and  at  a  great  depth.  At  the  time  of  the 
earthquake  of  New  Granada,  in  February  1835,  the  same  phe- 
nomena were  reproduced  in  Popayan,  at  Bogota,  at  Santa  Maria, 
and  in  the  Caracas,  where  the  noise  continued  for  seven  hours 
without  shocks ;  also  at  Haiti,  in  Jamaica,  and  on  the  borders  of 
Nicaragua." 

To  resume :  the  transmission  of  sound  from  a  sonorous  body  to 
the  ear  can  be  effected  through  the  medium  of  solids,  liquids,  or  gases ; 
but  the  atmosphere  is  the  most  usual  medium.  Hence  it  follows  that 
there  is  no  sound  l)eyond  the  limits  of  the  atmosphere.  The  noise 
of  volcanic  explosions,  for  example,  cannot  reach  the  moon ;  and  in 
like  manner  the  inhabitants  of  the  earth  do  not  hear  sounds  which 
may  be  produced  in  interstellar  spaces.  The  detonations  of  aerolites 
therefore  prove  that  these  lx)dies  at  the  moment  of  explosion  are 
within  our  atmosphere,  the  limits  of  which  have  not  been  pre- 
cisely determined.  On  high  mountains,  the  rarefaction  of  the  air 
produces  a  great  diminution  in  the  intensity  of  sounds.  Accord- 
ing to  Saussure  and  others,  a  pistol  fired  at  the  top  of  Mont 
Blanc  makes  less  noise  than  a  small  cracker.  Ch.  Martins,  in 
describing  a  storm  which  he  witnessed  in  these  high  rf^ons,  says, 
"  The  thunder  did  not  roll ;  it  sounded  like  the  report  of  fire- 
arms."    Ciay-Lussac,  during  his  celebrated  balloon  ascent,  remarked 
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that  tlm  WJiind  of  his  voice  was  ciuisideraMy  weakened  at  a 
Ijeiglit   of   20,000   feet. 

L(!t  us  iiow  iiinuire  with  what  velocity  sound  \a  propa^ted 
ttirou^h  the  diflereiit  media  we  are  almit  to  describe ;  and  Hrst  of  the 
velocity  of  sound  tlirough  air. 

Many  auentific  men  of  Hie  hist  centuries,  among  whom  were 
Ni'wton,  IJiiyh^  Merseniie,  nnd  Humatepd,  endeavoured  to  determine 


this  vehK'ily,  either  thenretJcally  or  hy  ex|>orimont,  Imt  the  numlters 
lit  whicli  tliey  arrived  wore  either  ton  low  or  t^io  hifjh.  We  owe  the 
first  precise  exjieriments  tn  the  commission  of  the  Academie  des 
Sciences  in  1738.  Ajjain,  in  1S22,  seveiiil  physicists  made  deter- 
minations in  tlie  same  manner,  and  the  folhiwing  was  their  method 
of  proceeding.  They  were  divided  into  two  Rroups,  which  were 
jilnced  respectively  at  Montlhery  and  at  Villejuif,  these  two  stations 
heing  chosen  Iwcause  there  wns  no  ohstacle  to  interfere  witli  sight. 
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Iray-Lussac,  Humboldt,  and  Buuvard  were  at  Moutlht5iy ;  Proiiy, 
Arago,  and  Mathieu  at  Villejuif.  They  were  each  provided  with  a 
good  chronometer ;  and  two  pieces  of  cannon  of  equal  bore,  charged 
with  cartridges  of  the  same  weight,  were  placed  at  each  of  the 
stations. 

The  experiments  began  at  eleven  o'clock  in  tlie  evening,  with  a 
serene  sky  and  a  nearly  calm  atmosphere.  Twelve  alternate  shots  at 
intervals  of  ten  minutes  were  fired  from  each  station,  starting  fi-om  a 
given  signal,  and  each  group  of  observers  noted  the  immW  of 
seconds  which  elapsed  between  the  appearance  of  the  light  and  the 
arrival  of  the  sound.  The  mean  of  the  different  numbers  was  54 
seconds  6  tenths ;  and  as  the  distance  of  the  two  pieces  of  artiUerj', 
carefully  measured,  was  18,612  metres  5  decimetres,  they  concluded 
that  flound  travels  340^  metres  9  decimetres  a  second  (1118152  feet) 
in  air  at  a  temperature  of  16°  C.  The  reciprocity  of  the  determi- 
nations was  in  order  to  compensate  for  the  influence  of  the  wind. 
The  temperature  of  the  air  exercises  an  influence  which  theory 
and  experiment  have  equally  confirmed.  If  the  temperature  in- 
creaees^  sound  is  propagated  with  much  greater  rapidity ;  and  the 
velocity  diminishes  with  the  fall  of  temperature.^ 

But  because  the  velocity  of  sound  varies  with  the  temperature,  and 
also  as  we  shall  presently  see  with  the  humidity  or  hygrometric  state 
of  the  air,  the  results  obtained  are  probably  more  or  less  inexact. 
The  strata  of  air  in  which  sound  is  propagated  are  far  from  being 
homogeneous,  and  it  is  now  known  that  their  temperature  during  the 
night  increases  with  the  height.  To  avoid  these  dififerent  causes  of 
error,  M.  le  Koux  measured  in  a  direct  manner  the  velocity  of 
sound  through  a  mass  of  air  contained  in  a  cylindrical  tube  of 
72  metres  in  length.  The  air  was  dried,  and  its  temperature  kept 
at  0**  by  surrounding  the  tube  with  ice.  The  sonorous  impulse 
was  produced  by  the  single  blow  of  a  wooden  hammer,  which  was 
caused  to  strike  a  membrane  of  caoutchouc  stretched  over  one  of 
the  extremities  of  the  tube.    This  impulse,  after  having  travelled 

*  In  addition  to  the  preceding  experiments,  we  must  quote  those  of  Benzenberg 
in  1811  ;  Goldingham  in  1821  ;  Moll  and  Van  Beeck,  Stampfer  and  Myrbach 
in  1822  ;  lastly,  of  Brevais  and  Martins  in  1844.  If  we  reduce  the  various  deter- 
mined velocities  to  zero,  and  calculate  them  as  having  been  made  in  dry  air  Me 
obtain  aa  a  result  a  mean  of  332  metres,  or  1088*06  feet  a  second. 
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along  the  tube,  set  in  motion  a  second  membrane  stretched  at  the 
other  extremity  of  the  tube.  Lastly,  the  beginning  and  the  end 
of  the  propagation  were  registered  automatically  by  electricity, 
and  its  duration  measured  by  a  particular  kind  of  chronoscope. 
Numerous  experiments  gave  M.  le  Roux  a  velocity  of  330*66  m. 
a  second:  a  number  almost  identical  with  the  velocity,  at  the 
same  temperature,  0**,  indicated  by  the  experiments  of  the  Bureau 
des  Longitudes  in  1822. 

If  we  adopt  this  last  number,  we  deduce  for  the  velocity  of 
sound  at  different  temperatures,  from  — 15®C.  to  50**  C,  the  follow- 


ing numbers: — 


Velocity  of  Sound  in  Air. 


Number  of  metres  Number  of  jardi 

TtfiHperatare  (C.)  per  Moond.  per  aeeoiid. 

—  15' 321-46 350-92 

—  10' 326-23 356-10 

—  5' •  327-62 357*60 

0* 330-66 360-90 

+  5' 333-67 364-18 

+  10* 333-66 864-17 

4-  15* 339-62 370*73 

+  20' 342-55 378*89 

+  25* 345-46 877-05 

+  3(r 348-34 880-22 

4.  S5* 351-20 388-39 

4.  40* 354-04 886-40 

4.  45"* 356-85 389*50 

4.  50" 359-65 392-56 

The  experiments  of  1738  and  1822  not  only  resulted  in  the  deter- 
mination of  the  velocity  of  sound ;  they  also  proved  that  this  velocity  is 
not  modified  by  variations  of  atmospheric  pressure :  that  the  wind 
increases  or  diminishes  it  according  as  it  blows  in  the  same  or  in  a 
contrary  direction,  whilst  it  does  not  effect  any  change  if  it  blows  in  a 
direction  perpendicular  to  that  of  the  transmission  of  the  sound. 

Furthermore,  this  velocity  is  uniform  at  every  portion  of  the 
distance  traversed,  and  it  is  the  same  with  sharp  or  dull  sounds, 
feeble  sounds,  or  those  whose  intensity  is  considerable.  We  are 
all  aware  that  neither  the  time  nor  the  precision  of  a  piece  of 
music  executed  by  an  orchestra  is  altered,  whatever  may  be  its 
distance  from  the  listener.  When  the  distance  increases,  all  the 
sounds  are  lessened  in  the  same  degree,  but  this  is  the  only  alteration 


CHAP.  II.]    PRODUCTION  AX D  PROPAGATIOy  OF  SorS I).    l.V, 

which  tliey  aufler,  which  could  i]Ot  happen  il'  tiiiies  ur  Bounds  of 
different  intensity  were  projmgated  with  dilVereut  velocities.  Liwtly, 
the  velocity  of  sound  throiigli  air  appcitrs  to  I>e  the  same  in  a 
horizontal,  vertical,  or  ohlicnie  direction.  This  fact  resnlts  from  the 
observations  made  in  1844  by  Martins  and  Bravais,  between  the 
summit  and  the  base  of  the  Faulhorn,  and  by  Stampfer  and  Ar^Tbuch 
at  two  stations  situated  at  different  hei<^1it9  above  the  level  of  the  .«ea. 


Very  singular  coiiseriueuces  follow  from  the  diflerence  which  exists 
between  the  velocities  of  light,  sound,  and  projectiles.  Thus  the 
soldier  struck  by  a  cannon-ball  can  see  tlie  fire  which  conies  from  the 
mouth  of  the  cannon,  but  he  does  not  hear  the  noise  because  the 
velocity  of  sound  is  less  than  that  of  the  bullet ;  but  if  he  is  struck 
at  a  great  distance,  aa  the  rcHistance  of  the  air  dimini.shes  more  and 
more  the  velocity  of  the  pn'jcctile,  it  may  happen  that  he  sees  the 
light  and  hears  the  shot  before  he  is  struck. 
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Sound  is  propagated  through  water  with  about  four-and>a-quarter 
times  the  velocity  through  air.  This  was  shown  by  some  experi- 
meute  made  oq  the  Lake  of  Geneva  by  two  aavantt,  Colladon  and 
Sturm,  Their  mode  of  experimentation  was  as  follows.  The  obaerveis 
were  seated  iu  boats,  one  moored  at  Thouou,  the  other  on  the  opposite 
shore  of  the  lake.  The  sound  was  produced  by  the  stroke  of  a  hammer 
on  a  bell  immersed  iu  the  water,  and  at  the  other  station,  a  speaking- 


trumpet,  haviiit;  a  mouth  of  large  aperture,  also  under  tlie  water, 
received  the  mnuA  propagated  by  the  liquid  mass  by  means  of  a  sheet 
of  metal  placed  over  the  opening.  Tlie  ol)8erver,  whose  ear  was  placed 
at  the  mouth  of  the  trumpet,  was  furnished  with  a  chronometer  or 
chronograph,  which  iudiuateil  seconds  and  fractions  of  a  second ;  and  he 
was  made  aware  of  tlie  precise  instant  wlien  the  bell  was  struck  by 
the  flash  produced  by  the  ignition  of  some  powder,  which  was  ignited 
liv  the  lowering  of  a  lighted  match  fastened  to  the  hauuner  in  the 
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form  of  a  lever.  Figs.  95  and  96  indicate  the  arrangement,  and  will 
remove  the  necessity  for  a  more  detailed  explanation. 

The  distance  of  the  stations — 13,487  metres — was  traversed  by 
the  sound  in  nine  seconds  and  a  quarter,  which  gives  1,435  metres  for 
the  velocity  of  sound  in  water  at  a  temperature  of  8**  C. 

Lastly,  the  velocity  of  sound  in  solid  bodies  has  also  been  ex- 
perimentally determined.  M.  Biot,  having  operated  on  a  cast-iron 
pipe  951  metres  in  length,  found  that  sound  is  propagated  through 
this  metal  with  a  mean  velocity  of  3,250  metres  a  second,  which 
is  more  than  nine-and-a-half  times  the  velocity  through  air  at  the 
same  temperature. 

The  velocities  of  sound  per  second  in  different  media,  solid, 
liquid,  and  gaseous,  are  as  follows: — 

/Air 331"' 

Qo^  I  Oxygen. 317 

'  \  Hydrogen 1270 

'  Carbonic  acid 262 

I  Water  of  the  Seine  at  16' .    .  1437»" 

Sea-water  at  20** 1453 

„         at  23" 1160 

Ether  at  0* 1169 


Veloeity  of  founds  through  gases  at 


Veloeity  of  sound  through  liquids . 


'^  Tin 249&"» 

Silver 2684 

Platinum 2701 

Velocity  of  sound  through  soUds   .     .     i  Oak,  walnut 3440 

Copper 3716 

Steel,  iron 6030 

Glass 6438 

\  Fir-wood 5994 
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CHAPTER   III. 

I'HOPAOATION   OF  SOUND. — PHENOMENA   OP  THE   REFLECTION   AND 

REFRACTION   OF    SOUND. 

Kohi>«M  anil  rc«onan(w«. — Simple  and  multiple  echoes;  explanation  of  these  phenomena. 
I^wn  of  the  reflection  of  sound  ;  experimental  yerification. — Phenomena  of 
refl«Hiti(>n  at  the  8urfiM»  of  elliptical  vaults. — Experiments  which  prove  the 
refVaotion  of  sonorous  impulses. 

WE  shall  learn  hereafter  that  light  and  heat  are  propagated  directly 
by  radiation  and  indirectly  by  reflection.  Moreover,  when  this 
propagation  takes  place  through  media  whose  nature  and  density 
differ,  the  direction  of  the  luminous  and  calorific  waves  undergoes 
a  particular  deviation  known  to  physicists  as  reiraction. 

Tlie  same  phenomena  of  reflection  and  refraction  occur  in  the 
case  of  soimd  as  in  that  of  heat  and  light,  and  they  follow  nearly  the 
same  laws. 

That  sound  is  reflected,  when  in  being  ])ropagated  by  the  air  or 
any  other  medium  it  strikes  against  an  obstacle,  is  a  fact  with  which 
every  one  can  make  himself  familiar  by  observation. 

Echoes  and  resonances  are  phenomena  due  to  the  reflection  of 
sound.  When  we  stand  in  a  large  room,  the  walls  of  which  are  not 
covered  with  objects,  such  as  curtains,  which  stifle  sound,  we  notice 
that  our  voices  are  strengthened,  and  the  sound  of  steps  or  of 
sonorous  bodies  is  heard  with  great  distinctness.  In  a  still  larger 
room  words  appear  doubled,  which  often  renders  them  difl&cult  to 
be  understood.  This  strengthening  of  sound,  due  to  reflection  from 
walls,  &c.  is  what  is  called  resonance. 

If  the  distance  from  the  observer  to  the  reflecting  surface  exceeds 
C5J   feet   (20   metres),   he    distinctly    hears    each  word   which   he 
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ptonouncea  a  second  time :  this  is  the  simple  eclio.     If  encli  word  is 
repeated  two  or  three  tiines,  it  is  a  multiple  echo. 

Let  us  undentand  the  cause  of  these  various  phenomena. 

However  short  the  duration  of  a  sound  may  be,  the  sensation 
which  it  induces  in  the  ear  of  the  Ustener  remains  a  certain  per- 
ceptible time,  which  ia  about  iV  of  a  second.  During  this  time 
sound  travels  nearly  34  metres,  so  that  if  the  distance  a  o  from  the 
observer  to  the  reflecting  surface  (Fig.  97)  is  less  than  17  metres,  the 
sound  of  the  word  which  he  has  pronounced  has  time  to  reach  the 
wall  and  return  to  his  ear  before  the  sensation  is  entirely  exhausted. 
The  reflected  sound  will  then  be  blended  with  that  which  he  hears  in 
a  direct  manner;  and  as 
a  number  of  partial  reflec- 
tions are  produced  in  dif- 
ferent parts  of  the  room,  a 
confused  murmoring  will 
follow,  which  is  called  a 
resonance.  The  same  ex- 
planation applies  to  the 
case  of  two  or  more  per- 
sons occupying  the  same 
room  and  speaking  either 
separately  or  together,  and 
the  resulting  confusion  of 
sound  would  become 
greater  as  the  rapidity  of 
utterance  increased. 

If  now  the  distance  0  a  exceeds  17  metres,  when  tlie  sound  of  the 
syllable  is  reflected  to  the  ear  the  sensation  is  ended,  and  we  hear  a 
repetition  more  or  less  feeble  of  the  direct  sound.  This  is  an  echo. 
The  greater  the  distance,  the  greater  wiU  be  the  number  of  syllables 
or  distinct  sounds.  For  example,  let  us  suppose  this  distance  to  be 
180  metres,  and  that  in  one  second  the  observer  pronounces  three 
syllables,  the  words  being  Answer  me:  to  go  to  the  reflecting 
surface  and  to  return,  the  sound  takes  a  little  over  a  second ;  the 
direct  sensation  is  ended,  and  the  ear  hears  for  the  second  time, 
distinctly.  Answer  me.    This  is  a  simple  echo, 

A  multiple  echo  occurs  between  distant  parallel  reflecting  surfaces. 


Fio,  W.— Bellectloo  of  m 
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In  this  instance,  the  sound  reflected  by  one  of  them  is  reflected  a 
second  time  from  another,  and  so  on ;  but  obviously,  by  these 
successive  reflections,  the  sounds  are  weakened  more  and  more. 
Edifices,  rocks,  masses  of  trees,  even  clouds,  produce  the  phenomenon 
of  echo.  Among  the  most  curious  is  the  echo  of  the  chftteau  of 
Simonetta,  in  Italy,  which  repeats  the  words  spoken  as  many  as  forty 
times  between  the  parallel  wings  of  the  edifice.  We  find  in  the 
Cours  de  Physique  of  M.  Boutet  de  Monvel  a  curious  fact,  which 
visitors  to  the  Pantheon  can  verify.  In  one  of  the  vaults  of  this 
building,  "  it  is  suflicient  for  the  guide  who  shows  them  to  strike  a 
sharp  blow  on  the  front  of  liis  coat  to  awaken  in  these  resounding 
vaults  a  noise  nearly  equal  to  that  of  a  cannon."  This  is  a  phe- 
nomenon of  echo,  and  of  concentration  of  sound. 

In  ancient  and  modem  works  a  number  of  instances  of  multiple 
echoes  are  mentioned,  the  more  or  less  surprising  efl'ects  of  which 
may  be  questioned,  but  they  are  all  easily  explained  by  the  suc- 
cessive reflections  of  sound. 

Such  a  one  existed,  it  is  said,  at  the  tomb  of  Metella,  the  wife 
of  Crassus,  which  repeated  a  whole  verse  of  the  ^neid  as  many  as 
eight  times.  Addison  speaks  of  an  echo  which  repeated  the  noise  of 
a  pistol-shot  fifty-six  times.  It  was  noticed,  like  that  of  Simonetta, 
in  Italy.  The  echo  of  Verdun,  formed  by  two  large  towers  about 
52  metres  apart,  repeats  the  same  word  twelve  or  thirteen  times. 
The  great  pyramid  of  Egypt  contains  subterranean  chambers  con- 
nected by  long  passages,  in  which  words  are  repeated  ten  times. 
Again,  Barthius  speaks  of  an  echo  situated  near  Coblentz,  on  the 
borders  of  the  Rhine,  which  repeats  the  same  syllable  seventeen 
times.  This  had  a  very  peculiar  efiect,  because  the  person  who 
spoke  was  scarcely  heard,  wliilst  the  repetitions  produced  by  the 
echo  were  very  distinct  sounds.  Among  echoes  in  England  we 
may  note  one  in  Woodstock  Park,  which  repeats  seventeen  syllables 
by  day  and  twenty  by  night ;  while  in  the  Whispering  (Jallery  of 
St.  Paul's,  the  slightest  sound  is  answered  from  one  side  of  the 
dome  to  the  other. 

While  living,  for  some  years,  on  the  sea-coast  of  Hyeres,  I  heard  a 
most  magnificent  echo  :  for  a  whole  morning,  reports  of  artillery  fired 
from  a  vessel  anchored  in  the  roads  were  reflected  from  the  sides  of 
the  mountains  on  the  coast  in  prolonged  echoes,  which  made  me  at 
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first  imagine  the  presence  of  a  whole  fleet ;  the  eflfect  was  like  that  of 
thunderclaps.     A  single  discharge  seemed  to  last  a  minute. 

The  reflection  of  sound  is  subject  to  very  simple  laws,  of  which  we 
will  now  give  an  outline.  As  we  shall  presently  see,  they  result 
naturally  from  the  vibratory  movement  which  constitutes  sound,  and 
are  also  experimentally  proved  beyond  all  doubt. 

To  explain  this,  let  us  imagine  for  the  present  a  sound-ray,  like 
a  ray  of  light,  to  start  from  a  centre  of  disturbance  and  following  a 
right  line ;  when  this  ray  comes  in  contact  with  a  reflecting  surface, 
let  us  call  it  an  incident  ray  ;  then  the  reflected  ray  is  the  line 
along  which  the  sound  rebounds  from  this  surface  into  the  medium 
whence  it  came.  The  angles  wliich  the  incident  and  reflected  rays 
form  with  a  line  perpendicular  to  the  surface  at  the  point  of  Inci- 
dence, are  called  respectively  the  angles  of  incidence  and  reflection. 
These  definitions  being  clearly  understood,  the  following  are  the  laws 
of  the  reflection  of  sound : — 

First  law. — The  incident  sound-ray  and  the  reflected  sound-ray  are 
in  the  same  plane  toith  tlie  line  perpendicular  to  (he  surface  at  the 
point  of  incidence. 

Second  law. — Hie  angle  of  incidence  is  equal  to  the  angle  of  reflectiov. 

The  experimental  proof  of  these  laws  is  very  simple.  T^t  us  place 
two  metallic  mirrors  of  a  para- 
lK)lic  form — that  is,  obtained  by 
tlie  revolution  of  the  cur^'e  called 
a  paraljola  about  its  axis  (Fig.  98) 
— face  to  face  in  such  a  manner 
that  their  axes  coincide.  The 
l)ambolic  curve  is  necessary  l)e- 
cause  it  ])(»sse.sses  near  its  sum- 
mit A,  a  focus  F,  to  which  all 
fines  sucli  as  MZ,  parallel  to  the 
axis  AF,  impinging  upon  different  fto  os  — ProiK-rty  of  the  i»nrni»oia. 

jKiints   of   the    parabola,   are   re- 
flected.     The   rays  proceeding   from   the   focus   and   those  parallel 
to  the  axis,  form  equal  angles  with  the  normals  to  the  parabola,  at 
every  point,  such  as  the  point  m.     All  rays  parallel  to  the  axis  coming 
in  contact  with  the  i)arabola,  will  be  reflected  to  the  focus  at  F. 
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Xow,  if  a  watch  ia  placed  in  the  focus  of  one  of  these  parabolic 
niirrors,  the  sound-rays  or  sonorous  waves  produced  by  the  ticking 
movement  will  be  received  on  the  mirror  and  reilected  parallel  to  the 
axis;  they  then  will  strike  the  concave  surface  of  the  second  mirror, 
and  be  concentrated  at  its  focus.  The  observer,  who  must  employ  a 
tut>e  in  order  not  to  intercept  the  waves,  will  easily  hear  the  sound 
of  the  watch  if  he  places  the  extremity  of  the  tube  at  the  focus 
of  the  second  mirror  (Fig.  99).  The  sound  is  heard  nowhere  else, 
even  by  persons  who  place  themselves  near  the  space  between  the 
two  miiTors,  and  at  a  short  distance  from  the  watch. 


Tlie  cun'e  called  an  ellipse  has  two  foci,  and  the  rays  sent  from 
one  are  reflected  to  the  otlier.  A  room  with  an  elliptic  roof  should 
therefore  produce  tlie  same  phenomenon  as  the  two  parabolic  mirrors, 
and  this  is  confirmed  l)y  exi>erinient.  Tlie  Museum  of  Antiquities 
at  the  Louvre  possesses  a  room  of  this  kind,  in  which  two  persons 
placed  at  the  opposite  extremities  of  the  room  in  the  two  foci,  are 
nlile  to  converse  in  a  whisper,  utterly  regardless  of  the  presence  of 
(>ersons  who  are  in  other  positionii. 
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Seflection  of  sound  is  made  use  of  in  many  inBtnimento,  wbich  we 
shall  have  occasion  to  describe  when  speaking  of  the  applications  of 
physics  to  the  sciences  and  arts. 

Sound  is  propagated,  as  we  have  before  seen,  by  all  elastic  media, 
but  with  varying  velocities,  which  depend  in  a  certain  degree  on 
the  density  of  the  medium.  When  sound  passes  from  one  medium  to 
another,  its  velocity  changes;  and  if  it  enters  the  second  medium 
obliquely,  a  deviation  of  the  sonorous  wave  results,  which  deviation 
brings  the  ray  nearer  the  normal  to  the  surface  of  separation  of  the 


two  meihft,  if  the  velocity  is  less  in  the  second  than  in  the  first. 
WHien  a  ray  enters  a  prism  in  which  it  is  retarded,  light  iindei^^es 
a  similar  deviation,  wliich  was  proved  by  experiment  long  before  the 
tnie  theoretical  explanation  was  discovered;  and  as  the  plienomenon 
has  been  long  known  as  refraction,  the  name  of  refraction  of  sound 
has  been  given  to  the  similar  deviation  of  tlie  -soiind  waves.  M. 
Sondhausa  has  placed  the  existence  of  this  deviation  beyond  doubt 
by  the  following  experiment.  He  macie  a  lens  of  collodion,  and 
tilled  it  with  carbonic  acid  gas.     In  this  gas,  the  velocity  of  sound  is 
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less   ttian  in  air.     The   sonorous  waves  wbich  impiDged  upon  the 

convex  surface  of  the  lens  were  refracted  on  passli^  through  the 

gas,  and,  issuing  on  the  opposite  side,  were  brought  to  a  focus.  If 

a  watch  is  placed  in  the  axis  of  tlie  lens  on  one  side,  there  is  on  the 


axis  at  the  other  side  a  point  where  the  ticking  of  the  watch  is 
heard  distinctly,  and  better  tlian  in  any  other  place.  There  is  there- 
fore ail  evident  convergence  of  the  sonorous  waves  towards  the 
poiijugrttji  fiKua  of  tht^  Ikiih;  and  in  this  we  have  a  proof  of  the 
n'fnictidii  of  siiniiil. 
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SON  O  nous      VIBRATIONS. 


Experiments  which  prove  that  sound  is  produced  by  the  vibratory  movement  of  the 
particles  of  solid,  liquid,  and  gaseous  bodies. — Vibrations  of  a  cord,  rod,  or  bell. 
— Trevelyau's  instrument. — ^Vibrations  of  water  and  of  a  column  of  air. — Nature 
of  sound :  pitch,  intensity,  and  clang-tint. — The  pitch  depends  on  the  number  of 
vibistlons  of  the  sounding  body  ;  Savart's  toothed  wheel ;  Cagniard-Latour's  and 
Seebeck's  syrens. — Graphic  method.—  Variable  intensity  of  sound  during  the  day 
and  night — Limit  of  perceptible  sounds. 

QOUND  is  a  vibratory  movement. 

^  Sonorous  bodies  are  elastic  bodies,  the  molecules  of  which,  under 
the  action  of  percussion,  friction,  or  other  modes  of  disturbance, 
execute  a  series  of  alternating  movements  across  their  position  of  rest. 
These  vibrations  are  communicat^ed  to  surrounding  gaseous,  li([ui(l, 
and  solid  media  in  every  direction,  and  at  last  reach  the  oi"gans  of 
hearing.  The  vibratory  movement  then  acts  through  the  drum  of 
the  ear  upon  the  special  nerves  of  that  organ,  and  produces  in 
the  brain  the  sensation  of  sound. 

The  existence  of  these  sonorous  vibrations  may  be  proved  by 
very  simple  experiments. 

If  we  take  a  violin  string  and  stretch  it  at  its  two  extremities  upon 
a  surface  of  a  darkisli  colour — this  condition  is  realized  in  stringed 
instruments — and  if  sound  is  then  produced  by  the  aid  of  a  trans- 
verse bow,  or  by  plucking  the  string  from  its  position  of  rest,  the 
string  will  appear  to  expand  from  its  two  extremities  to  the  middle, 
and  will  here  present  an  apparent  enlargement,  due  to  a  ra})id 
alternating  movement  across  its  normal  position.  The  string  is  seen 
at  the  same  time,  so  to  speak,  in  its  extreme  and  in  its  mean 
positions,  in  consequence  of  the  persistence  of  luminous  impressions 
on  the  eye.     (Fig.  1 02.) 

L 
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Instead  of  a  string,  let  us  imagine  a  cane  or  a  flexible  metallic  rod 
fixed  at  one  of  its  ends.  On  moving  it  from  the  position  of  rest,  it 
undei^oes  a  series  of  oscillations,  the  amplitude  of  which  continues 
to  decrease  until  at  last  the  motion  ceases.  During  the  vibrations 
of  the  rod,  a  sound  is  heard  which  decreases  and  ends  with  the 
movement     {Fig.  103.) 

The  rim  of  a  glass  or  metal  bell,  rubbed  with  a  bow,  emits  sounds 
wliich  are  frequently  very  loud. 


ofMraUhad  ilring. 


Tin-  existence  of  tlie  vibrations  which  induce  these  sounds  is  easily 
jui'ved.  11"  «o  take  ii  rod  of  metal  the  point  of  which  grazes  the  rim  of 
11  Ih'II  without  touching  it,  when  the  beU  vibrates  it  strikes  the  glass 
wilh  xhiir])  iind  rt'))oated  strokes,  and  the  noise  thus  produced  is 
i|iiiekly  distinguished  from  the  sound  produced  by  the  bell.  (Fig.  104.) 
The  liidl  of  a  jiendulum  is  also  sent  back  with  force,  and  oscillates 
diirini;  the  time  lliiit  the  sound  continues.  In  the  same  way  a 
iiietullie  Ixill  pliued  in  the  interior  of  a  bell  moves  about  when 
tliin  liiUer  iH  cinised  to  resound,  a.s  tn  Fig.  105,  and  thus  proves  the 
I'xiNleiieu  of  tho  vibnitions  with  which  the  molecules  of  the  sounding 
biiily  iir<>  iiiiininU><l. 
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Trevelyan'8  instrument,  of  which  we  have  spoken  before,  and  by  the 
aid  of  which  sounda  are  obtained  by  the  contact  of  two  solid  bodies  at 
unequal  temperatures,  also  proves  the  existence  of  the  vibrations  which 
prtxluce  sound.  If  we  place  a  bar  terminated  by  two  knobs  on  the 
heated  metal,  the  weight  of  this  bar  renders  its  vibrations  slower,  and 
we  can  watch  the  alt«mating  motion  of  the  rod  and  knobs.  (F^.  106.) 
Tyndall  has  devised  an  ingenious  way  of  showing  these  vibrations.   He 


fixes  at  the  centre  of  the  \'il)ratiii^  niutal  a  mnall  disc  of  polished 
silver,  on  which  a  beam  of  the  electric  light  is  cast.  The  light  is 
reflected  from  the  mirror  to  a  screen,  and  as  soon  as  the  warm  metal 
comes  in  contact  with  tlie  cold  lead,  the  motion  of  the  sjiot  of  light  is 
apparent  on  the  screen.  When  we  study  the  effects  of  bent,  we  shall 
observe  that  the  cause  of  the  oscilhitiuns  of  the  metal,  in  Trevelyan's 
instrument,  is  the  alternate  dilatation  of  the  lend  at  the  jioiiits  of 
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contact  of  the  wann  metal;  tliis  dilatation  produces  small  nipples, 
which,  liy  their  rising,  throw  the  heated  rocker  from  side  to  side,  and 
this  alternating  motion  takes  place  with  sufficient  quickness  to  pro- 
duce vibrations  in  the  air,  wliicli  reach  our  ears  as  sound.  (Fig.  107.) 

We  shall  presently  see  other  proofs  of  the  existence  of  these  mole- 
cular movements,  when  we  desciihe  the  processes  used  to  measure  the 
niuijlier  of  vihratiiuis  prtHiucod  by  sounding  InMlie-*.     When  a  solid 


Iwjdy  jinidiices  a  sound,  the  vibratory  movement  is  readily  reudereJ 
jjeni^ptihle  by  the  trembling  communicated  to  the  hand  ou  touching 
it.  Th'i  viljrutions  of  lii[uid3  and  gases,  when  they  produce  or  transmit 
sound,  ran  also  be  rendered  visible. 

A  glass  goblet,  half  tilled  with  water,  vibrates  like  the  glass  I>eil  of 
whicii  we  have  siwken,  when  the  edges  m-e  rnbtie<l  either  with  the 
wet  finger  or  with  a  bow.  (Fig.  ICS.)  We  oliserve  also  on  the  Huiface 
of  the  liijuid  a  multitude  ol'  waves,  whieh  *e  divided   into  four 


IV.] 
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ami  soiiietiiiics  into  nix  priiiripnl  gr<m|)s,  and  these  waves  become  more 
serrated  as  tlie  sounti  liei'onies  more  sharp.      If  tlie  sound  is  greatly 


intensified,  the  amplitude  of  the  vilirritions  Ixicomes  so  great  that  tlie 
water  ia  jerke<l  from  encli  section  in  the  form  of  fine  rain.     Lastly,  if 


we  connect  a  sonorous  tulx'.  with  a  pair  of  bellowa,  we  can  firovc  tlie 
vibration  of  the  int€rior  column  of  air  in  the  following  manner.     A 
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frame  covered  with  a  iiiembraiie  is  suapeiuied  by  a  string  in  the  interior 
ol'  the  tube ;  when  tlie  tube  is  caused  to  emit  a  sound,  we  perceive  tlie 
grains  of  sand  which  previously  were  at 
,^j         ^^BB.i_        ^^^  °°  *''®  membrane  to  be  jerked  up ; 
~r^    ,__ ,       ^^y^  -     tl'i^  proring  that  the  vibrations  of  the 
U,j,..:~,:,.i./ii,,:,/^i>£wM.M^^,>iM/M    gaseous  column  have  been  tiansuutted 
''"■"' of'^Srym"""""™'    '■'"'"'"  to  t^e  membrane  itself  and  to  the  liglit 
grains  which  rested  upon  it.  (Fig.  109.) 
Vibrations  transmitted  by  the  air  sometimes  possess  great  power. 
Window-panes  shake  and  are  sometimes  even  broken  in  the  neighbour- 
hood of  a  very  loud  report,  aiinh  aa  that  of  a 


We  IiHve  thus  demoiistnited  by  experiment  the  fundamental  fact 
tliat  sound  results  from  a  vibratory  motion  produced  by  the  molecules 
of  Rtdid,  licjtiid,  or  fjaseous  elastic  botlies,  which  vibrations  ai«  trans- 
mittetl  to  the  organ  of  heni-iiig  hy  the  intervention  of  different  media 
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which  extend  between  the  sonorous  body  and  the  ear.  We  now 
understand  why  sound  is  not  propagated  in  a  vacuum.  The  bell 
struck  under  the  receiver  of  the  air-pump  vibrates  freely,  but  its 
vibrations  are  no  longer  transmitted,  or  at  least  are  very  imperfectly 
transmitted,  by  the  cushion  which  supports  the  instrument,  and  by 
the  small  quantity  of  air  which  always  remains  in  the  most  com- 
plete vacuum  which  it  is  possible  to  produce  by  an  air-pump. 

We  shall  endeavour  shortly  to  give  some 
idea  of  the  nature  of  sonorous  vibrations,  and 
of  the  successive  condensations  and  dilatations 
which  result  from  their  propagation  through, 
elastic  media,  in  order  to  explain  how  the 
laws  of  acoustics,  which  all  our  observations 
and  experiments  confirm,  have  been  proved 
by  theory.  For  the  present  we  will  con- 
tinue to  describe  phenomena. 

Sounds  are  distinguished  from  each  other 
by  aereial  characteristics,  which  we  will 
next  describe. 

Tho  most  important  of  these,  not  so  much 
from  a  physical  as  from  a  musical  point  of 
view, is  the  "pitch,"  that  is  to  say,  the  degree 
of  acuteness  or  of  graveness  of  sound.  Every 
one  can  distinguish  acute  from  grave  sounds, 
whatever  may  be  the  sonorous  body  which 
produces  them.  Two  sounds  of  the  same 
pitch  are  said  to  be  in  unison.  The  intensity 
of  a  sound  is  quite  different  from  the  pitch ;  p,„  iag_vibration«of.ga.,eon. 
the  same  sound  can  be  loud  or  feeble,  with-  coiunm. 

out  ceasing  to  have  the  same  degree  of  acuteness  or  of  graveness. 

Lastly,  different  sounds  are  distinguished  from  each  other  by  their 
quality,  or  "  clang-tint,"  as  Tyndall  proposes  to  call  it  {timbre^  Frencli ; 
klangfarbe,  German).  W^hen  a  flute  and  a  violin,  for  example,  emit 
the  same  musical  sound  with  equal  force,  the  ear  will  not  fail  to 
distinguish  a  difference  between  the  two  sounds,  such  as  it  wiU  be 
impossible  to  confound  them.  It  is  this  peculiar  quality  by  which 
we  recognize  the  sound  of  a  voice  which  is  familiar  to  us. 

The  pitch  of  a  sound  depends  on  the  greater  or  less  number  of 
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vilinitions  whicli  nre  produced  l>y  the  sonorous  body  and  propagated 
tlinmjih  the  nietliA  hy  the  help  of  whicli  sound  13  conveyetl.  This 
iiHii))>er  iiioivases  as  the  sound  becomes  more  shrill,  and  we  shall  now 
M^>  by  what  means  philosophers  have  proved  this  important  fact, 
and  how  they  have  counted  these  movements,  which  the  eye  or  our 
other  senses  conM  only  oliserve  in  a  mure  or  less  confused  manner. 

The  trtillieil  wheel  invented  by  Savart  enables  the  number  of 
\ibrations  which  produce  a  given  note  to  be  determiued.  Tlie  sound 
— which  to  ^i\e  us  a  musical  note  must  fall  with  regular  pulsations 


on  our  ears,  irregular  pulsations  only  producing  noise — is  produced  in 
this  inatruuient  l)y  the  teeth  of  a  rapidly  revolving  wheel  striking 
ii<;ainst  a  piece  of  canl.  When  the  velocity  of  the  wheel  is  small,  we 
only  hear  a  series  of  separate  strokes,  the  whole  of  which,  properly 
speaking,  do  not  produce  a  musical  note,  and  the  pitch  is  conse- 
(juentiy  absent.  B\it  in  proportion  as  the  velocity  of  the  wheel 
increa-ses,  the  multiplied  vibrations  of  the  card  transmitted  to  the 
nil-  jiroduce  a  continuous  and  regular  note,  the  acuteness  of  which  is 
greater  as  the  velocity  of  the  wheel  increases.  An  indicator  is  Jixed 
to  tho  toothed  wheel,  which  gives  the  number  of  revolutions  which  it 
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tiDikes  ill  a  second :  this  iniutber,  iiiiiitiplicd  liy  that  of  tlie  teetli,  gives 
the  half  of  the  total  iiiini))er  of  vilimtioiis ;  for  it  is  clear  that  the  card, 
at  first  Writ  from  its  |K)sition  of  rest,  afterwards  retuma  on  itself,  and 
linxliicea  two  vibrations  for  each  tooth  which  strikes  it. 

Savart  ohtained  witli  8  wheel  fiimislied  with  600  teeth  as  many 
as  forty  revolutions  a  second,  and  conseiiuently  48,000  vibrations 
in  tlie  same  time  ;  which  corresponda,  as  we  shall  see  further  on,  to  a 
sound  of  extreme  elevation  or  acuteneaa. 

The  Syren,  invented  by  L'agnianl-lAtour,  is  also  used  to  measure 
(evfn  with  <(reater  precision  than  the  ti^othcd  wheel  of  Savart)  the 
vihrjitions  of  a  given  sfaind. 


In  this  ingenious  instninient  tlie  sound  is  iiroduce<i  by  a  cuirent 
of  air  from  a  pair  of  bellows,  which  air  passes  tliTouj;h  a  aeries  of  holes 
jjliiced  at  equal  distances  round  two  metallic  plates,  one  being  fixed 
and  the  other  moveable.  Wlien  the  holes  corresjmnd,  the  current  of 
air  jKisses,  and  its  force  of  expulsion  acting  on  the  oblique  channels 
wliicli  fonn  the  holes,  gives  movement  to  the  upper  plate.  This 
act  cauaes  the  coincidence  to  cease,  then  establiahea  it  again,  then 
stops  it,  and  so  on,  the  result  being  the  production  of  a  series  of 
puffs  which  produce  vibrations,  increasing  in   rapidity,  in   the  air. 
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If  there  are  twenty  holes,  there  are  forty  vibrations  for  each  turn 
of  the  plate ;  so  that  in  counting  the  number  of  revolutions 
which  are  effected  for  a  given  sound  in  a  second,  the  total  number 
of  vibrations  can  be  easily  calculated.  The  axis  of  the  moveable 
plate  works,  by  means  of  an  endless  screw,  in  a  toothed  wheel, 
the  number  of  teeth  being  equal  to  that  of  the  divisions  of  a  dial 
outside.  Wlien  the  wheel  advances  a  tooth,  the  needle  marks  one 
division ;  so  that  the  niunber  of  divisions  passed  over  by  the  needle 
gives  that  of  the  turns,  and  then,  by  simple  multiplication,  that  of  the 


xnnorous  vibrations.  At  the  end  of  each  revolution,  a  catch  turns  a 
second  wheel  one  division ;  so  that  if  the  first  wheel  has  a  hundred 
teeth,  the  needle  of  the  second  dial  indicates  hundreds  of  turns. 

The  indicator  is  disposed  so  that  it  only  moves  at  wiU ;  that  is  to 
say,  when  the  attained  velocity  has  produced  the  note  which  we 
desire  to  examine  as  regards  the  number  of  vibrations  which  consti- 
tute it.  The  cliief  ditBculty  is  to  maintain  a  constant  velocity,  so  as  to 
have  a  note  of  invariable  pitch  for  as  long  a  time  as  possible. 
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The  syren  also  acta  in  water ;  in  this  case  the  liquid  rushes  through 
the  holes  under  the  pressure  of  a  lofty  column  of  water,  and  thus 
produces  vibrations.  The  sound  which  follows  proves  that  liquids 
enter  into  direct  vibratiou,  like  gases,  without  sound  being  com- 
municated to  them  by  the  vibrations  of  a  solid.  The  name  syren 
comes  from  the  circumstance  that  the  instrument  sings  under  water 
Uke  the  enchantresses  of  the  fable. 

Seebeck's  syren,  represented  by  F^.  113,  is  constructed  in  quite  a 
dilTerent  manner,  but  the  principle  is  the  same,  viz.  that  the  note 
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iit  produced  by  the  regular  passage  of  air  in  puffs  through  the  holes  of 
ft  disc.  The  disc  is  caused  to  rotate  by  clockwork,  and  the  velocity 
of  its  rotation  ia  measured  by  an  indicator.  Around  it  is  a  wind- 
chest  communicating  with  a  pair  of  bellows :  and  it  acts  as  distributor 
of  the  current  which  is  transmitted  by  caoutchouc  tubing  to  any 
series  of  holes  in  the  disc  which  the  experimenter  may  wish  to  use. 

A  great  number  of  experiments  can  bo  made  with  this   syren 
by  varying  the  number  and  distribution  of  the  holes  in  different  discs. 
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Lastly,  peitiiin  fjr^l'''''^  metliods,  rei-eiitly  iiiventetl,  but  the  fifst 
iile»  of  wliicli  is  due  to  Savart,  allow  us  to  (ieterraiiie  with  exacti- 
tiido  tlie  iiitiiiher  of  sonorous  vibrations. 

A  tiining-forlv,  or  metallic  rod,  furnished  witli  very  fine  points, 
may  be  eaused  to  trace  undulating  lines  on  the  surface  of  a  turning 


cylinder  oovun-d  with  hinip-bliick.  The  number  of  sinuosities  thus 
marked  is  tliat  (if  the  vibralitins.  Tliis  method  is  specially  employed 
when  we  wis]i  to  coniimrt!  t<>';etlier  two  sounds  with  respect  to  their 
pit«h.  For  example,  we  fix  on  ii  tunin-j-fork  the  point  which  traces 
the  sinuona  lines,  and  on  a  second  tuninji-fork  the  plate  covered  with 
lamp-lilack  where  these  lines  are  traced.   Tl>en  causing  the  tw«i  timing- 
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forks  to  vibrate  siiiiiiltuneously,  the  simious  Hue  obtained  will  be 
evidently  tlie  result  of  the  coiubiuatiou  of  two  vibratory  iiioveiueiits, 
parallel  if  the  two  tuuing-forks  vibrate  in  the  sauie  directiou,  rectan- 
gular if  they  vibrate  at  riyht  angles.  Figs.  115  aud  IIG  are  fac- 
similes »f  proofs  obtained  by  these  two  eunibiiiations  for  various 
)uusit;al  iatervals. 

The  various  experiments  wUieh  we  Iiave  just  described  tend  to 
prove  that  tiie  pitch  of  a  sound  depends  only  on  tlie  number  of 
vibrations   executed   by  tlie  sonorous  hotly  in  a  given   time.     The 


intensity  of  the  souiid,  whether  strong  or  feeble,  undergoes  no  change ; 
tiie  nature  of  the  sonorous  Itody  and  the  particidar  »|U!ilily,  which  is 
called  the  clang-tint,  ha.s  likewise  no  influence  on  the  nnniljer  of 
vibrations. 

The  amplitude  of  the  vibrations  gives  to  sound  greater  or  less 
intensity,  as  may  be  proved  by  many  familiar  experiments.  When  a  Ijow 
is  drawn  across  the  string  of  a  \'iolin,  or  of  any  other  similar  instru- 
ment, the  sound  decreases  in  jiroportion  as  the  vibrations  of  the  conl 
is  less  considerable.  Tlie  more  vigorous  the  iriction  of  the  how,  the 
more  marketl  are  the  oscilhitinns,  and  the  intensity  of  the  sound  is 
giviiter.     Since,  then,  its  iiitch  is  not  nuKlilied,  it  must  be  i.'oncludL'd 
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that  the  number  of  vibrations  is  not  altered,  although  the  vibrations 
of  the  cord  are  made  with  greater  rapidity,  the  path  traversed  in  an 
equal  time  being  greater  when  the  amplitude  is  itself  greater. 

When  an  elastic  body  produces  a  sound,  the  molecules  of  which  it 
is  composed  are  not  equally  moved  from  their  positions  of  rest :  there 
are  some  even,  as  we  shall  soon  see,  which  remain  in  a  state  of  repose. 
A  bell,  for  example,  when  struck  by  a  hammer,  is  caused  to  become 
elliptic,  first  in  one  direction,  then  in  another  at  right  angles  to  the 
first.  The  zones  of  metal  at  its  base  execute  slower  vibrations  and 
of  greater  amplitude  than  the  zones  near  the  top.  But  the  solidity  of 
the  zones  or  rings  produces  a  compensation  between  these  amplitudes 
and  the  different  velocities,  and  there  results  for  the  sound  produced 
a  mean  pitch  and  intensity  which  depends  on  the  dimensions  and 
nature  of  the  metal  of  which  the  bell  is  formed.  This  indicates  an 
evident  analogy  between  these  vibrations  and  the  oscillations  of  the 
compound  pendulum,  the  length  of  which  we  have  seen  is  a  mean 
between  the  lengths  of  the  oscillations  of  a  series  of  simple  pendulums 
of  diflferent  lengths. 

The  above  remarks  relate  only  to  the  intrinsic  intensity  of  sound, 
which  depends  on  the  amplitude  of  the  vibrations  executed  by  the 
moving  molecules.  But  as  sound  is  transmitted  to  our  ear  through 
the  medium  of  the  air,  the  intensity  will  be  greater  as  the  volume  of 
air  displaced  is  at  the  same  time  more  considerable,  and  conse- 
quently the  dimensions  of  the  sonorous  body  will  themselves  be 
greater.  A  string  stretched  on  a  straight  piece  of  wood  gives  a 
weaker  sound  than  if  it  were  stretched  on  a  soimding-board,  as  in 
musical  instruments,  the  \4olin,  piano,  &c.  Most  people  know  that  if 
a  tuning-fork  is  caused  to  vil)rate  first  in  the  air,  and  then  placed  on 
a  table  or  on  any  other  elastic  body,  the  sound  acquires,  by  this 
increase  of  volume  of  the  vibrating  body,  a  much  stronger  intensity. 

The  intensity  of  a  sound  received  by  the  ear  at  different  distances 
decreases  in  the  inverse  ratio  of  the  square  of  the  distance.  Thus, 
at  10  metres  the  intensity  is  four  times  greater  than  at  20  metres,  nine 
times  more  than  at  30  metres,  &c.  provided  that  the  circumstances  of 
the  propagation  remain  the  same,  and  that  reflecting  bodies  are  not 
present  to  strengthen  the  sound.  Hence  it  follows  that  if  two  sounds, 
one  being  four  times  louder  than  the  other,  are  produced  at  two 
<lifferent  stations,  the   observer  who   is  placed  at  one-third  of   the 
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distance  which  separates  them  from  the  weakest,  will  believe  that 
he  hears  two  sounds  of  the  same  intensity. 

The  reason  is  as  follows : — Sonorous  waves  are  propagated  spheri- 
cally around  the  centre  of  disturbance,  hence  the  vibrations  put  into 
movement  successive  spherical  shells,  the  volume  of  which  is  in  pro- 
portion to  the  surface,  and  increases  therefore  as  the  squares  of  their 
distances  from  the  centre.  Since  the  masses  of  the  dis{)er8ed  layers 
are  greater  and  greater,  the  movement  which  is  communicated  to 
them  by  the  same  force  must  diminish. 

In  colunms,  or  cylindrical  tubes,  the  successive  impulses  are  equal : 
the  intensity  of  the  propagated  sounds  must  therefore  remain  nearly 
the  same,  whatever  the  distance  may  be.  This  is  also  confirmed  by 
observation.  M.  Biot,  in  the  experiments  by  which  he  determined 
the  velocity  of  sound  in  solid  bodies,  proved  the  fact,  that  the  sound 
transmitted  by  the  air  in  the  pipes  of  the  aqueducts  of  Paris 
was  not  sensibly  enfeebled  at  a  distance  of  nearly  a  kilometre.  Two 
persons  speaking  in  whispers  could  easily  hold  a  conversation  through 
these  pipes.  "  There  is  only  one  means  not  to  be  heard,"  says  M. 
Biot, — '*  not  to  speak  at  alL" 

Speaking-trumpets  and  acoustic  tubes  are  applications  of  this 
property  which  we  have  just  described.  We  shall  speak  of  some 
of  these  hereafter. 

This  property  of  cylindrical  sound  channels  explains  certain  acoustic 
effects  shown  in  rooms  or  vaults  of  different  monuments.  The  mould- 
ings of  the  vaults  or  walls  form  channels  where  the  sound  is  propagated 
with  great  facility  and  without  losing  its  first  intensity.  In  Paris, 
there  are  two  rooms  of  this  kind ;  one  square  and  vaulted,  situated  at 
the  Conservatoire  des  Arts  et  Metiers.  The  other,  of  a  hexagonal  form, 
is  in  the  Observatory  of  Paris ;  in  both,  the  angles,  being  joined  by  an 
arch,  form  deep  furrows,  which  eminently  conduce  to  the  conduction 
of  sound  without  enfeebling  it.  Two  persons  also  can  converse  in 
whispers,  from  one  comer  to  the  other,  without  the  auditors  placed 
between  them  being  able  to  hear  any  of  their  conversation.  In  St. 
Paul's  Cathedral  the  gallery  of  the  dome  affords  a  similar  instance ; 
the  gallery  of  Gloucester  is  another  example,  the  cathedral  of  Girgenti 
in  Sicily,  and  the  famous  grotto  of  Syracuse,  at  the  present  day  known 
as  the  "  Grotta  della  Favella,"  and  in  olden  times  as  that  of  the  Ear  of 
Dionysius.      It  was  in  the  ancient  Latomiap,  or  quarries  of  Syracuse, 
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tliat  the  tjTant  bad  contrived  a  secret  communication  between  bis 
|»alace  and  the  caverns  wliere  he  kept  bis  victims,  taking  advantage 
i»f  the  particular  arrangement  of  the  grotto  to  listen  to  their  con- 
versation. 

The  intensity  of  the  sound  perceived  varies  according  to  the 
density  of  the  medium  which  propagates  it.  We  have  seen  this 
already,  in  the  experiment  made  under  the  receiver  of  the  air-pump : 
tlie  sound  of  the  bell  is  enfeebled  in  proportion  as  the  vacuum  is 
increased.  The  contrary  would  take  place,  as  Hauksbee  has  proved, 
if  the  air  were  compressed  in  the  receiver  wherein  the  sonorous 
l»oily  is  placed.  Persons  who  ascend  into  the  high  regions  of  the 
air,  either  on  mountains  or  in  balloons,  all  prove  the  gradual 
decrease  of  sound  due  to  the  diminution  of  the  density  of  the 
atmospheric  air.  In  water,  the  sonorous  waves  are  transmitted  with 
greater  intensity  than  in  air,  if  the  sonorous  body  vibrates  with 
tlie  same  energy  in  both  media.  In  solid  bodies  of  cylindrical  or 
prismatic  form,  soimd  is  pwpagated  without  being  enfeebled  as  much 
i45  in  tlie  air  or  other  gases.  We  most  of  us  know  the  experiment 
of  placing  the  ear  at  the  end  of  a  long  wooden  beam,  when  we 
can  hear  very  distinctly  the  slightest  noise — for  example,  that  pro- 
duoeii  bv  the  friction  of  a  pin.  Savages  place  the  ear  near  tlie 
'Timnd  to  hear  distant  sounds  which  could  not  be  transmitted  by 
the  air  tlirough  the  same  distance. 

It  is  a  fact  generally  known  and  of  easy  observation,  that  sound  is 

hi»iml  further  during  the  night  than  during  the  day.    This  increase  of 

intensity  is  attributed  to  the  homogeneity  of  the  strata  of  air  and 

their  rt»Uuively  cdni  condition,  which  allows  tlie  sonorous  waves  to 

Ih»  pn>iMigatod  without  losing  their  amplitude  by  reflection.     It  must 

also  Ik.»  iviuoiiiIkuxhI  that  during  the  day  various  noises  conduce  at 

the  vHamo  time  to  make  an  impression  on  the  ear,  each  of  which  must 

Ih»  loss  oivsily  lUstinguished.     According  to  the  observations  of  Bravais 

and  Martins,  the  disUmce  to  which  a  sound  reaches  depends  also  on  the 

toni|H»ratun^  of  the  air:   this  distance  is  greater  during  the  cold  of 

wintor,  in  Huowy  regions  of  tlie  pole,  or  high  mountains.      Here  it  is 

to  \\\K\  liomog(4ieity  of  the   air  rather  than  to  its  density  that  we 

ninHt  ntlributo  the  iMiuse  of  this  fact,  for  on  the  summit  of  mountains 

till*  ili'iisilyor  the  air  is  less  than  in  the  plains.     Tlie  intensity  of 

Innrnnitlod  smnul  riTtuinly  (lepc'inls  on  the  state  of  ivjiose  or  agita- 
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tion  of  the  air.  In  calm  weather  it  is  distinctly  heard  at  great 
distance :  wind  enfeebles  sound  even  when  it  comes  from  the  point 
where  the  body  gives  out  the  sounds.  The  direction  of  the  vibrations, 
that  is  to  say,  the  manner  in  which  the  auditor  is  turned  relatively  to 
the  point  whence  the  sound  starts,  has  also  a  great  influence  on  its 
intensity.  When  we  hear  the  flourish  of  a  hunting  horn,  if  the 
performer  turns  the  mouth  of  his  instniment  in  different  directions 
the  intensity  varies,  so  that  it  seems  sometimes  to  get  nearer  to  and 
sometimes  further  from  the  place  where  the  auditor  is. 

Tlie  circumstances  which  tend  to  modify  the  intensity  of  sound 
are  therefore  very  varied.  It  is  therefore  diflBcult  to  determine  the 
greatest  distance  to  which  it  can  reacli.  In  the  remarkable  examples 
which  are  quoted,  of  sounds  heard  at  considerable  distances,  it  is 
probable  that  it  is  the  ground  rather  than  the  air  which  serves  as  a 
vehicle  to  the  sonorous  vibrations.  We  have  already  quoted 
Humboldt  on  the  subject  of  the  reports  produced  by  earthquakes  and 
volcanic  eruptions,  which  are  propagated  to  distances  of  800  to  1,200 
kilometres.  Chladni  relates  many  facts  which  prove  that  the  noise 
of  cannon  is  often  heard  at  very  great  distances ;  at  the  siege  of  Genoa 
it  was  heard  at  ninety  miles  from  Italy;  at  the  siege  of  Mannheim 
in  1795,  at  the  other  side  of  Souabia,  at  Nordliugen  and  Wallerstein  ; 
at  the  battle  of  Jena,  between  Wittenberg  and  Treuenbrietzen.  "  I 
have  myself  heard,"  he  says,  "  cannon-shots  at  Wittenberg  at  seven- 
teen German  miles,  not  so  mucli  by  the  air  as  by  the  disturbance  of 
solid  bodies,  by  placing  the  head  against  a  wall." 

Xevertheless,  sound,  such  as  the  rolling  of  thunder  and  the  detona- 
tions of  meteors,  which  sometimes  burst  at  enonnous  heights,  is  often 
propagated  to  a  great  distance  by  the  air.  Chladni  mentions  certain 
meteors  the  explosion  of  which  was  not  heard  until  ten  minutes  after 
the  luminous  globe  was  seen:  this  supposes  a  height  of  not  less  than 
200  kilometres.  The  bolide  observed  in  the  middle  of  France  on  the 
14th  of  May,  1864,  presented  the  same  peculiarity,  and  the  observers 
calculated  four  minutes  between  its  appearance  and  the  perception  of 
the  noise  of  its  report.  "  In  order  to  have  an  explosion,"  says  M. 
Daubr(5e,  writing  on  this  subject,  "produced  in  strata  of  air  sufficiently 
rarefied  to  give  place  on  the  surface  of  the  earth  to  a  noise  of  such 
intensity,  and  over  a  horizontal  extent  so  considerable,  we  must  admit 
that  its  violence  in  high  regions  exceeds  all  that  we  know."     Unless, 
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indeed,  this  is  an  effect  of  repercussion  of  the  sound  on  strata  of  air 
of  unequal  density,  analogous  to  the  rolling  of  thunder  in  storms. 

We  know  but  little  at  present  of  the  production  of  the  indefinite 
varieties  of  tones.  We  shall  speak  hereafter  of  recent  researches 
on  this  subject;  the  phenomena  which  we  must  first  notice  are 
necessary  for  the  right  understanding  of  the  proposed  explanations. 

Experimenters  have  tried  to  determine  the  limit  of  perceptible 
sounds ;  but  it  is  clear  that  this  limit  depends  partly  on  the  sensibility 
of  our  organs.  The  most  grave  sound  appears  to  be  that  which  is  pro- 
duced by  a  sonorous  body  executing  thirty-two  simple  vibrations  in  a 
second.  Savart  found  for  the  most  acute,  48,000  vibrations.  But 
M.  Despretz  made  a  series  of  tuning-forks  the  sounds  of  which  were 
strengthened  by  resonant  boxes,  and  he  at  la6t  distinguished  the 
sound  of  most  extreme  sharpness  which  a  tuning-fork  can  produce 
to  Ik*  caused  by  73,700  vibrations  per  second.  We  remember  assist- 
ing at  the  experiments  of  this  learned  philosopher.  Such  shrill 
muiuds  produce  in  the  organ  of  hearing  a  sensation  almost  doleful. 
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CHAPTER  V. 

LAWS  OF  SONOROUS  VIBRAnONS,  IN  STRINGS,  RODS,  PIPES,  AND  PLATES. 

Experimental  study  of  the  laws  which  goyem  the  vibration  of  strings — Monochord 
or  Sonometer — Nodes  and  ventral  segments ;  harmonics — Laws  of  the  vibra- 
tions  of  sonorous  pipes — Vibrations  in  rods  and  plates — Nodal  lines  of  square, 
round,  and  polygonal  plates. 

TN  the  present  day,  the  art  of  music  is  so  generally  understood 
-■-  that  such  of  our  readers  as  have  knowledge  of  it,  or  who 
have  seen  it  produced,  know  the  mechanism  of  stringed  instruments, 
such  as  the  violin.  , 

Four  strings  of  unequal  diameter  and  of  different  textures  are 
stretched  by  the  aid  of  pegs  between  two  fixed  points,  and  when 
caused  to  vibrate,  either  by  the  hand  or  by  drawing  a  bow  across 
them,  they  produce  sounds  of  different  pitch.  The  sounds  produced 
by  the  open  strings  (that  is  to  say,  when  they  vibrate  in  the  whole  of 
their  length)  must  possess  a  certain  connection  of  tone  between  them, 
of  which  we  shall  soon  speak.  When  this  connection  is  destroyed, 
the  instrument  is  not  in  tune.  What  does  the  musician  then  do  ? 
By  screwing  and  unscrewing  the  pegs  he  stretches  more  or  less  those 
of  the  strings  which  do  not  give  out  the  desired  sounds :  as  he 
tightens  them  the  sound  becomes  more  acute ;  and,  on  the  other 
hand,  if  he  loosens  them  it  becomes  more  grave.  But  four  sounds 
would  not  be  sufficient  to  provide  all  the  varied  notes  of  a  piece  of 
music.  The  performer  multiplies  the  number  at  will,  by  placing 
the  fingers  of  his  left  hand  on  certain  points  of  each  of  the  strings. 
In  doing  this  he  reduces  to  different  lengths  the  portions  of  these 
strings  which  the  bow  causes  to  vibrate. 

These  facts  show  that  there  exist  certain  relationships  between 
the  pitch   of  the   different   sounds   given    out   by   the   instniment, 

M  2 
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and  the  length,  diameter,  tension,  and  substance  of  the  strings ;  as 
the  pitch  itself  depends  on  the  number  of  the  vibrations  executed, 
it  necessarily  follows  that  this  number  is  connected  by  certain 
laws  witli  the  elements  already  enunciated.  Some  of  the  moat  im- 
portant w-ere  noticed  by  the  ancient  philosophers,  and  particularly 
by  the  Pyth^oieana.  But  it  is  to  the  geometers  of  the  last  century, 
amongst  whom  are  the  illustrioua  names  of  Taylor,  BemouiUi, 
D'Alembert,  Euler,  and  Lagrange,  that  we  owe  the  complete  demon- 
stration deduced  from  purely  theoretical  grounds.  The  exactitude  of 
die  calculations  has  been  confirmed  by  experiments. 

We  will  now  endeavour  to  explain  these  laws.  In  the  present  day 
they  are  readily  proved  by  means  of  a  particular  instrument,  called 
a  monochord  or  sonometer,  to  which  is  attached  an  apparatus  which 


enables  us  to  ascertain  the  numbers  of  vibrations  produced.  The 
sonometer,  or  monochord  (Fig.  117)  is  formed  of  a  box  of  fir-wood 
to  strengthen  the  sound ;  above  this  box  one  or  several  strings  are 
fixed  at  their  extremities  by  iron  pins,  and  stretched  by  weights 
which  ser\-e  to  determine  the  tensions  of  each  of  them.  A  divided 
scale  beneath  the  strings  shows  the  lengths  of  the  vibrating  parts, 
which  can  be  altered  at  will  ly  the  aid  of  a  moveable  bri(^  which 
moves  along  the  scale  under  tlie  strings. 

Let  us  take  a  strii^  of  catgut  or  metal,  and  stretch  it  by  a  weight 
sufficient  to  cause  it  to  produce  a  perfectly  pure  sound,  of  an 
pitch  appreciable  to  the  ear;  and  let  us  suppose  that  its  total 
length  measured  by  the  scale  is  120  metre,  and  that  the  sound  which 
it  gives  out  corresponds  (as  verified  by  the  sjrren)  to  440  \ibration3 
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a  second.  Let  us  place  the  moveable  bridge  first  at  the  half,  then  at 
J,  J,  and  ^  of  the  total  length;  and  in  each  of  these  successive 
positions  let  us  cause  the  shortest  portion  of  the  string  to  vibrate. 
Measuring  the  different  sounds  obtained,  we  shall  find  the  following 
number  of  vibrations  a  second :  880,  1,320,  1,760,  and  5,280. 

It  only  remains  for  us  now  to  compare  the  numbers  which  indi- 
cate the  different  lengths  of  the  string,  and  those  which  indicate  the 
number  of  vibrations,  to  understand  the  law. 


Length  of  string      .     .   \ 
Number  of  vibrations .   \ 


Is  it  not  evident  from  this  experiment  that  the  number  of 
vibrations  goes  on  increasing,  so  that  their  ratios  are  precisely  the 
inverse  of  those  which  the  lengths  of  the  strings  from  between  them- 
selves ?    Such  is  the  first  law  of  vibrating  strings. 

Now,  without  altering  the  length,  if  we  stretch  the  same  string  by 
different  weights,  and  compare  the  sounds  obtained,  we  shall  find,  for 
the  numbers  of  double,  triple,  or  quadruple  vibrations,  the  tensions  of 
the  strings  are  4,  9,  16,  &c.  times  greater.  The  numbers  of  vibrations 
follow  the  order  of  the  simple  numbers,  the  weights  or  tensions  follow 
the  order  of  the  squares  of  these  numbers.     This  is  the  second  law. 

The  strings  are  of  cylindrical  form.  Let  us  change  the  diameter 
of  these  cylinders,  and  compare  the  sounds  produced  by  two  strings 
of  the  same  substance,  stretched  by  equal  weights  and  of  equal  length, 
but  of  different  diameters.  This  comparison  will  be  easy  with  the 
help  of  the  sonometer.  It  is  then  found  that  the  number  of  vibra- 
tions of  these  sounds  decreases  when  the  diameters  of  the  strings 
augment,  and  become  precisely  2,  3,  4  ...  .  times  less,  when  the 
diameters  are  2,  3,  4  ...  .  times  greater. 

This  is  the  third  law  of  the  transversal  vibrations  of  vibrating 
strings. 

There  is  a  fourth  law,  which,  like  the  others,  may  be  proved  by 
means  of  the  sonometer,  and  which  relates  to  the  density  of  the  sub- 
stance of  which  the  vibrating  string  is  composed.  Two  strings,  one 
of  iron,  the  other  of  platinum,  of  the  same  length  and  diameter,  are 
stretched   on   the  sonometer  by  equal  weights.     ITie  sounds  which 
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they  will  give  out  will  be  the  more  grave  as  the  density  is  greater, 
so  that  the  iron  string  will  give  the  acnite  and  the  platinum  the 
more  grave  sound;  the  ear  will  be  sufficient  to  judge  of  these 
differences.  Now,  if  we  measure  the  exact  numbers  of  vibrations 
which  correspond  to  the  two  sounds  obtained,  we  shall  find : — 

For  the  iron 1,640 

For  the  platinum 1,000 

We  not  only  speak  here  of  the  numbers,  but  of  their  relationship. 
Now,  if  we  multiply  each  of  these  numbers  by  itself,  if  we  take  the 
square,  we  find  2,699,600  and  1,000,000,  which  indicates  precisely 
in  an  inverse  order  the  densities  of  the  metals,  platinum  and  iron. 
The  density  of  iron  is  7*8,  that  of  platinum  21*04  and  theee  densities 
are  related  as  1*00  is  to  2*69,  Such  is  the  law:  other  things  being 
equal,  the  squares  of  the  number  of  vibrations  are  in  the  inverse 
ratio  of  the  densities  of  the  substances  of  which  the  vibrating  strings 
ar^  formed. 

In  the  preceding  remarks  we  have  spoken  only  of  the  transverse 
vibrations  of  strings,  that  is  to  say,  of  the  sounds  which  follow  eiiher 
from  the  plucking  or  removing  a  string  from  its  position  of  test,  or 
from  drawing  a  bow  across  it  A  string  rubbed  lengthways  with  a 
piece  of  cloth  powdered  with  resin  also  emits  a  sound,  but  this  sound 
is  much  more  acute  than  when  it  vibrates  transversally,  so  that  the 
number  of  the  longitudinal  vibiations  always  exceeds  that  of  the 
transversal  vibrations.  As  this  method  of  causing  strings  to  vibrate 
is  not  employed,  we  need  not  enlarge  on  this  subject  But  we  must 
not  conclude  the  subject  of  vibrating  strings  without  mentioning  a 
phenomenon  of  great  interest:  we  speak  of  nodes  and  ventral  seg- 
ments, and  the  particular  sounds  which  musicians  and  physicists  call 
harmonics.  Let  us  imagine  a  string  stretched  on  the  sonometer, 
or  on  any  musical  instrument,  and  let  us  fix  it  by  placing  our  finger 
at  the  middle,  and  then  cause  one  of  the  halves  to  vibrate  by  means 
of  the  bow:  the  sound  produced  will  be,  as  we  shall  hear,  more  acute 
than  the  fundamental  sound— that  is,  the  sound  given  out  by  the 
string  when  its  whole  length  vibrates — ^the  number  of  the  vibrations 
being  doubled.  Musically  speaking,  this  is  the  octave  of  the  funda- 
mental note.  But  it  is  remarkable  that  the  two  halves  of  the  string 
vibrate  together,  which  may  be  proved,  first  by  putting  crosswise  on 
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the  centre  of  tbat  half  of  the  string  which  remains  free  some  little 
paper  riders,  which  jump  about  and  fall  directly  tlie  Bound  is 
produced ;  secondly,  by  proving  to  the  eye  the  existence  of  an  enlarge- 
ment in  the  two  halves  of  the  string  (Fig.  118) ;  for  if  we  remove  our 
finger  without  stopping  the  movement  of  the  bow,  we  notice  thai 
the  sound  continues,  as  well  as  the  division  of  the  string  into  two 
parte,  which  vibrate  simultaneously. 

Let  U8  make  a  second  experiment,  and  place  tlie  finger  on  a  portion 
of  the  string  one-third  of  its  entire  length  from  the  nearest  bridge, 
continuing  to  draw  the  bow  across  the  smallest  portion  (Fig.  H9j. 


The  sound  is  still  more  acute,  and  we  observe  the  whole  string  to 
be  divided  into  three  equal  parts,  vibrating  separately :  this  can  be 
proved  by  placing  the  riders  at  the  points  of  division,  as  well  aa 
at  the  middle  of  each  third  of  the  string.  The  first  remain  im- 
moveable, the  others  are  thrown  off;  which  proves  the  existence 
ot  immoveable  points  or  nodet,  and  vibrating  parts  or  ventral 
Kgmenla.  Against  a  black  ground,  the  nodes  and  ventral  segments 
can   be   clearly   distinguished.     The    first    show   the    white    string 
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reduced  to  its  proper  thickness ;  the  others  the  swellings  similar  to 
tliose  which  we  have  before  noticed  at  Uie  centre  of  a  string  vibrating 
as  a  whole. 

A  string  can  thus  be  divided  into  2,  3,  4,  5  ...  .  equal  parts, 
and  the  sounds,  gradually  increasing  in  acuteneas,  which  they 
then  [ii'Oiluce,  are  called  harmonics.  Practised  ears  can  distinguish 
some  of  the  hannonic  sounds  which  are  produced  simultaneously 
with  tlie  fundamental  sound  of  a  string,  which  proves  that  the 
division  of  tlie  string  into  vibrating  portions  takes  place  even  when 


the  contact  of  a  point  Is  not  the  determining  cause.  We  shall  see 
further  on  the  position  which  these  different  sounds  occupy  in  the 
musical  scale.  Studied  by  the  help  of  the  graphic  method,  the 
sonorous  vibrations  which  engender  harmonics  show  that  they  result 
from  compound  sounds  superposed  on  the  simple  vibrations  (Fig.  120). 
Nodes  and  ventral  segments  are  not  peculiar  to  vibrating  strings: 
we  shall  find  tbem  also  in  the  columns  of  air  which  vibrate  in 
the  interior  of  ]tipes ;  we  shall  also  observe  them  in  plates  and 
membranes. 
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Musical  instruments  called  vnnd-inatruments  are  formed  of  solid 
pipes,  sometimes  prismatic  aud  sometimes  cylindrical,  some  straight, 
others  more  or  less  bent.  The  column  of  air  which  these  instniments 
enclose  is  caused  to  vibrate  by  means  of  a  mouthpiece,  the  form  and 
disposition  of  whicli  varies  according  to  the  nature  of  the  instruments. 
We  shall  have  occasion  to  describe  the  principal  instniments  when 
we  treat  of  the  applications  of  Physics  to  the  Arts.  But  in  order  to 
simply  understand  the  general  laws  which  regulate  the  vibration  of 
air  in  pipes,  we  shall  confine  ourselves  here  to  the  consideration  of 
straight  pipes  in  the  form  of  prisms  or  cylinders,  such  as  exist  in 
organs.  Figs.  121  and  122  represent  the  exterior  view  and  the  sec- 
tion or  interior  view  of  two  pipes  of  this  kind.  We  can  see  at  the 
lower  part  of  each  of  them  the  pipe  through  which  the  air  supplied 
by  the  bellows  is  caused  to  enter:  the  current  first  rushes  into  a  box, 


and  thence  issues  by  a  chink  which  is  called  the  mouth  of  the  pipe, 
and  then  rushes  against  the  edge  of  a  bevelled  plate.  A  part  of  the 
current  escapes  by  the  mouth  at  the  exterior  of  the  pipe ;  the  other  part 
{■enetrates  into  tlie  interior.  This  rupture  of  the  current  gives  rise 
to  a  series  of  condensations  and  dilatations  which  are  propagated  in  the 
column  of  air.  The  air  of  this  column  enters  into  vibration  and 
produces  a  continuous  sound,  the  pitch  of  which,  as  we  shall  see, 
varies  according  to  certain  laws.  The  mouthpiece  which  we  will 
describe  is  that  which  is  called  the  fivie  mcmthpiece.  Experiment 
proves  that  if  we  substitute  in  the  same  pipes  mouthpieces  of 
different  forms,  it  will  only  modify  the  quality  of  the  sound  without 
changing  its  pitch.  Tlie  pitch  does  not  depend  on  the  substance, 
wrjod,  ivory,  metal,  glass,  &c.  which  composes  the  tube,  whence  it  must 
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be  concluded  that  the   sound   reeulta  only  from  the   vibrations   of 
the  column  of  air. 

The  science  of  acoustics  owes  the  diacovery  of  the  laws  which 
govem  the  vibrations  of  sonorous  tubes  to  Father  Mersenne  and 
Daniel  Bemouilli.  We  will  briefly  indicate  the  most  simple  of  these 
laws.  The  first  of  these  savanU  showed  that  if  we  compare  the 
sounds  produced  by  two  similar  pipes  of  different  dimensions — that 


\i 


I 


is,  if  the  one  has  all  its  dimensions  double,  triple,  &c.  those  of  tlie 
other — then  the  number  of  vibrations  of  the  first  will  be  2,  3  ... . 
times  less  than  the  vibrations  of  the  other.  Thus  the  smaller  of  the 
pipes  represented  in  Fig.  123  will  give  twice  as  many  vibrations  as 
the  other :  the  sound  given  out  will  be  the  octave  of  the  sound  of  the 
largest  pipe.     This  diacovery  is  due  to  Father  Mersenne. 

Such  pipes  are  sometimes  open,  and  sometimes  closed  at 
their  upper  end.  But  tlie  law  which  we  are  about  to  mention 
applies   both    to    open   and   to   closed   pipes,  provided    that   their 
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length  be  great  compared  to  their  other  dimensiona  It  must  be  first 
observed  that  each  pipe  can  produce  many  sounds,  more  acute  or 
higher  as  the  current  of  air  is  greater.  The  gravest  of  these  sounds 
is  called  the  fundamental  sound;  the  others  are  the  harmonics; 
and  it  is  found  that,  to  obtain  them,  it  is  sufGcient  to  progressively 
force  in  the  current  of  air.  And  when  tubes  of  different  lengUis 
are  caused  to  sound,  the  longest  produce  the  gravest  fundamental 
sounds,  in  such  a  manner  that  the  numbers  of  vibrations  vaiy  pre- 
cisely inversely  as  the  lengths.  For  example,  whilst  the  smallest  of 
the  four  tubes  represented  in  Fig.  124  gives  12  vibrations,  the  other 
three  give  in  the  same  time  6,  4,  and  3  ;  or  2,  3,  4  times  less ;  the 
lengths  being,  on  the  contrary,  2,  3,  4  times  greater.  As  I  said  before, 
this  law  is  applicable  to  open  as  well  as  closed  tubes.     But,  for  the 
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same  length,  the  fundamental  sound  of  a  closed  tube  is  different 
from  the  sound  given  by  an  open  one.  The  vibrations  are  half 
the  number;  or,  in  other  words,  the  fundamental  sound  of  a  closed 
tube  is  the  same  as  that  of  an  open  tube  double  the  length. 

Tt  only  remsins  for  us  now  to  speak  of  the  succession  of  the  har- 
monic sounds  in  both  of  them.  Arranging  these  sounds  in  order, 
from  the  gravest  to  the  most  acute,  starting  from  the  fundamental 
note,  we  find  that  in  open  tubes  the  numbers  of  vibrations  increase 
according  to  the  series  of  whole  numbers,  1,  2,  3,  4,  5, 6,  &c.  In  closed 
tubes,  these  numbers  increase  according  to  the  series  of  the  odd 
numbers,  1,  3,  5,  7,  &c.     From  this  it  results  that  if  we  take  three 
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tubes,  the  open  one  of  double  the  length  of  the  two  others,  and  if,  of 
these,  one  is  open  and  the  otlier  closed,  the  successive  sounds  of  the 
first  will  be  represented  by  the  series  of  natural  numbers — 

Long  open  tube    ..1      93      4       5      6       7      8... 
and  the  sounds  of  the  otbera  by 

Short  open  tube     ...S...4...6...S... 
„    closed  tube     .     I     ...    3    ...    6    ...    7    ... 

that  is  to  say,  the  sounds  of  the  large  tube  will  be  reproduced  altev- 
nutely  by  the  two  tubes  of  half  the  length. 


We   will   conclude   tlie   study   of  tlie  phenomena  presented  by 
wiiiorous  tubes  liy  stating  that  the  columns  of  air  which  vibrate  iu 
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the  interior  of  thera  are  divided,  like  vibrating  strings,  into  fixed  por- 
tions or  nodeSy  and  vibrating  parts  or  ventral  segments.  The  existence 
of  these  various  divisions  is  proved  in  many  ways.  The  most  simple 
consists  in  lowering  into  the  tube  by  a  string  a  membrane  stretched 
over  a  ring,  and  then  to  watch  the  grains  of  sand  with  which  it  is 
sprinkled.  These  grains  will  be  agitated  under  the  action  of  the 
vibration,  when  the  membrane  reaches  a  ventral  segment  in  any 
portion  of  the  vibrating  column  of  air.  On  the  other  hand,  they 
remain  at  rest  when  the  position  of  the  membrane  coincides  with 
that  of  a  node. 

However,  theory  has  completely  solved  all  the  problems  which 
relate  to  this  order  of  phenomena ;  and  the  experiments  of  physicists, 
always  a  little  less  exact  than  mathematical  analysis  would  require, 
on  account  of  the  complex  circumstances  under  which  they  are  per- 
formed, are  only  verifications  of  the  laws  found  by  analysis.  We, 
who  wish  especially  to  descril^e  the  curious  facts  of  each  part  of 
physics,  must  confine  ourselves  to  the  notions  indispensable  to  the 
understanding  of  these  facts  and  their  application  to  industry 
and  the  arts. 

Sonorous  rods  are  cylindrical  rods  of  wood,  metal,  glass,  or  any 
other  elastic  substance,  which  can  l)e  causeil  to  vibrate,  either  by 
rubbing  them  longitudinally  with  a  piece  of  cloth  sprinkled  with 
resin,  or  with  a  damp  flannel.  Tliey  then  give  out  pure  and  con- 
tinuous sounds,  the  pitch  of  which  for  one  and  the  same  substance 
depends  on  the  length  of  the  rod.  By  the  aid  of  a  vice  or  with 
the  fingers,  we  grasp  the  rod,  either  at  one  of  its  extremities  or  at 
the  middle,  or  at  any  inter\'ening  part  of  its  length :  it  is  then  free 
at  its  two  ends,  or  only  at  one  (Fig.  125).  Now,  if  we  compare  the 
sound  which  a  rod  gives  out  when  fixed  at  one  of  its  extremities,  with 
that  which  the  same  rod  or  a  rod  of  the  same  length  and  substance 
gives  out  when  fixed  at  its  middle  part,  we  find  that  the  first  is 
graver  than  the  second :  the  vibrations  in  the  latter  are  twice  as 
numerous. 

If  rods  of  different  lengths  fixed  in  the  same  way  are  caused  to 
vibrate,  experiment  shows  that  the  sounds  become  sharper  as  the  rods 
are  shortened.  The  numbers  of  vibrations  which  constitute  their 
sounds  vary  in  inverse  proportion  to   their  length.     The  vibrations 
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of  rods  are  also  governed  by  the  same  laws  as  thc^e  of  sonorous  tubes ; 
and  we  see  that  if  rods  free  at  both  ends  are  compared  with  open 
tubes,  the  rods  fixed  at  one  end  correspond  to  closed  ones.  Our 
rod,  like  the  tube,  gives  out  harmonic  sounds  besides  the  funda- 
mental note,  the  ascending  series  also  following  the  same  laws  as  in 
the  open  and  closed  tubes. 

An  account  of  the  phenomena  which  result  from  sonorous  vibra- 
tions in  bodies  of  varied  forms  would  be  endless.  We  will  confine 
ourselves  to  the  consideration  of  those  which  are  produced  in  plates 
and  membranes.  If  we  cut  square,  circular,  or  polygonal  plates 
out  of  thin  wood  or  homogeneous  metal,  and  fix  them  solidly  to  a 
support  at  their  centre  of  figure,  we  obtain  veiy  different  sounds 
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from  them  if  we  draw  a  bow  across  their  edge  and  place  one  or  two 
fingers  at  certain  points  of  their  contours  (Fig.  126).  Chladni  and 
Savart,  whose  names  are  so  often  to  be  found  in  modem  researches, 
and  who  made  sound  their  special  study,  made  numerous  experiments 
on  the  vibration  of  plates  of  different  forms,  thicknesses,  and  surfaces. 
The  phenomenon  to  which  they  particularly  drew  attention  was  the 
division  of  the  plates  into  vibrating  and  fixed  parts.  These  latter, 
being  nothing  else  but  a  continuous  series  of  nodes,  were  therefore 
called  nodal  lines. 

To  understand  and  study  the  positions  and  forms  of  these  lines, 
these  two  learned  physicists  sprinkled  the  surface  of  the  plate  with 
dry  and  fine  sand.  As  soon  as  the  plate  entered  into  vibration,  the 
particles  of  sand  began  to  move.  They  deserted  the  vibrating  parts 
and  arranged  themselves  along  the  nodal  lines,  thus  producing  certain 
figures  or  outlines.  These  lines  are  often  so  numerous  and  compli- 
cated, they  vary  so  much  for  the  same  plate  with  the  different  sounds 
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which  thia  plate  gives  out,  tliat  Savatt  was  obliged  to  use  a  particular 
method  to  obtain  them.  Instead  of  sand,  he  employed  litmus  powder,- 
and  by  means  of  a  damp  paper  laid  on  the  plate  he  obtained  the 
impression  of  each  figure.  We  reproduce  here,  in  Figa.  127  and  128,  a 
series  of  nodal  lines  obtained  by  Savart  and  Chladni,  and  we  may 
remark  that  the  figures  which  contain  the  most  numerous  lines 
correspond  to  the  most  acute  sounds;  in  other  words,  that  in 
proportion  as  the  sound  gets  higher,  the  extent  of  the  vibrating  parts 
diminishes. 

In  square  plates,  the  nodal  lines  take  two  principal  directions, 
some  parallel  to  the  diagonals,  the  others  parallel  to  the  sides  of  the 


plate  (Fig.  127).  In  circular  plates  (Fig.  128)  the  nodal  lines  place 
themselves  either  in  rays  or  concentric  circles.  Bells  of  glass  or 
metal,  and  vibrating  membranes,  are  also  divided  into  vibrating  parts 
and  nodal  lines,  as  is  seen  in  the  experiment  of  a  glass  tilled  with 
water,  represented  by  Fig.  108.  Fig.  129  shows  two  modes  of  vibra- 
tions of  a  bell,  and  the  way  in  which  it  divides  itself  into  four  or 
si.x  vibrating  parts,  separated  by  as  many  nodes.  The  first  division  is 
obtained  by  touching  the  bell  in  two  points  distant  about  a  quarter  of 
a  circle  i  the  bow  is  then  drawn  at  about  45  degrees  from  one  of  the 
nodes.   The  resnltiiig  sound  is  the  lowest,  and  is  the  fundamental  note 
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of  the  bell.  The  other  division  is  obtaiued  by  placing  the  bow  at  a  point 
distant  about  90  degrees  from  the  node  which  is  formed  by  the  touch. 
The  beU  would  be  again  divided  into  8,  10, 12  vibrating  parts.  It  ia 
the  same  with  membranes  stretched  on  frames,  which  are  caused  to 
vibrate  by  placing  near  them  another  sonorous  body — for  example. 


Txa.  IIT.— Nodi]  Una  of  vibntlng  iqiun  pUtu,  Mconllag  to  Simt. 


a  sounding  belt.  The  vibrations  are  communicated  by  the  air  to  the 
membrane,  and  the  sand  with  which  this  ia  covered  indicates  the 
position  of  the  nodal  lines. 

It  is  well  known  that  when  two  plates  nf  the  same  substance  and 
similar  figure,  but  of  different  thicknesses,  give  the  same  nodal 
lines,  the  sounds  produced  vary  with  the  thickness,  if  the  surface  is 
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the  same;  that  is  to  say,  that  the  number  of  vibrations  is  proportional 
to  the  thicknesses.  If  the  thickness  remains  constant,  the  number  of 
vibrations  are  in  the  inverse  ratio  of  the  surfaces. 

We  do  not  yet  know  the  law  according  to  which  the  sounds 
produced  by  the  same  plate  succeed  each  other  when  the  figures 


Fio.  128. — ^NoUaI  lines  of  vibrating  circular  or  iH>lygonal  platen,  according  to  Chladui  aiut  Savart 

formed  by  the  nodal  lines  change.  We  only  know  that  the  lowest 
note  produced  by  a  square  plate  fixed  in  the  centre  is  obtained  when 
the  nodal  lines  are  two  in  number,  parallel  to  the  sides,  and  pass 


N      N 


Fio.  129.— Nodes  and  aegroenta  of  a  vibrating  bell. 


through  the  centre  as  shown  in  the  first  plate  (Fig.  127).  When  the 
two  nodal  lines  form  the  diagonals  of  the  square  (as  in  the  firet  plate 
of  the  second  line.  Fig.  127),  the  sound  is  the  fifth  of  the  fii'st  one, 
which  may  be  called  the  fundamental  note. 

N 
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CHAPTER   VI. 

PROPAOATION   OF  SOUND   IN  AlH.— SOUND   WAVES. 

Nature  of  sound  waves ;  their  propagation  in  a  tube — The  wave  of  oondensation 
and  the  wave  of  rarefaction — Length  of  sonorous  undulations — Propagation 
through  an  unlimited  medium  ;  spherical  waves  ;  diminution  of  their  amplitude 
with  the  distance — Direction  of  sound  wav^i — Ck>-existence  of  undulations — 
Perception  of  simultaneous  sounds  ;  Weber's  experiments. 

TX7E  have  just  seen  how  the  vibrations  of  sonorous  bodies  can  be 
'  *  rendered  sensible,  and  how  their  number  can  be  counted,  and 
we  have  proved  by  experiment  the  laws  of  their  variations  in  solids 
of  different  forms,  and  in  gaseous,  cylindrical,  or  prismatic  columns. 

But  when  a  body  sounds,  the  vibrations  which  its  molecules  exe- 
cute, reach  our  ear,  so  as  to  impress  us  with  the  sensation  of  sound, 
only  by  a  gradual  disturbance  of  the  mass  of  air  intervening  between 
the  centre  of  disturbance  and  our  organs.  In  the  absence  of  this 
vehicle,  sound  is  no  longer  perceived,  or  at  least  only  in  a  very 
weakened  form,  after  having  been  propagated  through  more  or 
less  elastic  solid  bodies,  which  establish  an  indirect  communication 
l)etween  the  sonorous  body  and  the  ear.  Thus  the  air  itself  enters 
into  vibration  under  tlie  impulse  of  the  movements  of  the  particles 
of  tlie  sonoix)us  bodies,  and  it  undergoes  successive  condensations 
and  dilatations,  which  are  propagated  with  a  constant  velocity,  when 
the  density  and  temperature  remain  the  same,  and  when  the  homo- 
geneity of  the  gaseous  mixture  is  perfect.  We  will  now  explain  by 
what  means  sonorous  waves  succeed  each  other  in  the  air  or  any  other 
gas,  and  how  their  length  can  be  measured. 

Let  us  suppose  that  one  prong  of  a  tuning-fork  is  placed  in  front 
of  a  tube  and  is  caused  to  vibrate.  The  vibrations  are  propa- 
izatcd  aloii«'  the  coluiun  of  air  in  the  tube.     AVe  will  observe  what 
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takes  place  in  the  column  of  air  when  the  prong  executes  a  whole 
vibration ;  that  is  to  say,  leaves  its  position  a"  to  go  to  a,  and 
afterwards  to  return  to  a",  passing  each  time  by  its  mean  position 
a  (Fig.  130).  This  alternating  movement  is  similar  to  that  of  the 
pendulum,  so  that  the  velocity  of  the  prong  is  alternately  increasing 
and  decreasing  according  as  it  gets  nearer  to  or  more  distant  from 
the  position  a.  During  the  movement  from  a"  to  a\  the  air  in  the 
tube,  receiving  the  impulse  from  the  prong,  will  undergo  successive 
and  unequal  condensations,  which  will  be  transmitted  from  one  to 
the  other,  and]  these  waves  will  be  carried  along  the  column  of  air 
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Fio.  180. — Propagation  of  the  aonorons  vibrations  in  a  cylindrical  and  unlimited 

gaseoQB  column. 


Fio.  1»1.— Curve  representing  a  sound  wave. 


like  the  waves  along  the  surface  of  water.  On  this  point  we  shall 
have  more  to  say  presently.  These  condensations  at  first  increasing 
will  attain  a  maximum ;  they  will  then  diminish  until  the  vibrating 
prong  has  reached  the  position  a'.  At  its  return  from  a  to  a'  the 
same  gaseous  layers,  returned  to  their  normal  density,  will  on  the 
other  hand  dilate  by  virtue  of  their  elasticity  to  fill  the  space  left 
in  the  column  of  air  by  the  second  movement  of  the  fork. 

To  each  complete  vibration  of  the  prong,  a  series  of  condensation  «< 
therefore  corresponds  :  a  condensed  half-wave ;  then  a  series  of  dilata- 
tions ;  a  dilated  half- wave.  Their  whole  forms  a  complete  sonorous 
wave,  which  passes  along  the  tube. 

To  represent  to  the  eye  the  condition  of  the  column  of  air  in  the 
whole  length  of  a  sonorous  wave,  it  has  been  found  convenient  to 
rei)resent   the   different   degrees  of  condensation   by   perpendiculai's 
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placed  above  and  at  right  angles  to  the  direction  of  the  wave,  and  the 
dilatations  which  follow  (Fig.  131),  by  perpendiculars  traced  below  this 
direction  :  these  two  line^  have  a  minimum  length  when  the  density 
is  the  normal  density:  their  maximum  lengths  correspond  to  the 
maximum  condensations  and  dilatations.  The  curve  aa"i,  a'i,  Ai 
then  represents  the  state  of  the  successive  strata  of  the  tube  at  the 
moment  when  the  prong  of  tlie  tuning-fork  has  executed  an  entire 
vibration ;  AAi  is  the  jxith  traversed  during  this  time, — ^that  is  to  say, 
the  length  of  the  sonorous  wave. 

The  space  traversed  hy  this  wave  will  be  double,  triple,  &c.  after 
the  2,  3,  ...  .  first  vibrations. 

It  is  now  easy  to  understand  how  the  wave-length  of  a  sound  of  a 
given  pitch  can  be  calculated.  Let  us  suppose  a  sound  produced  by 
450  \ibrations  a  second.  At  the  temperature  of  15**  C. — ^if  such  is  the 
temperature  of  the  air  at  the  time  of  the  experiment — as  the  velocity 
of  propagation  is  340  metres  during  the  same  interval,  it  is  clear  that 
at  the  moment  when  the  wave  reaches  this  distance,  there  are  in  the 
air  as  many  successive  sound  waves  as  there  are  complete  vibrations 
from  the  centre  of  emission  ;  that  is,  450.  Each  of  them  has  then  a 
length  of  the  four  hundred  and  fiftieth  part  of  the  space  traversed, 
that  is,  of  340  metres ;  hence  the  length  of  wave  in  this  case  is  755 
millimetres.  If  we  pass  now  from  the  case  in  which  the  sound  is 
propagated  in  a  column  of  air  to  that  in  which  the  propagation  is 
made  in  all  directions  emanating  from  a  point,  the  successive  conden- 
sations and  dilatiitions  of  the  stratii  of  air  will  be  distributed  at  equal 
distimces  fipm  the  centre  of  emanation.  The  waves  will  be  spherical, 
without  either  their  velocity  of  propagation  or  their  length  changing. 
Only  the  amplitude  will  diminish,  and  consequently  the  intensity  of 
sound,  as  we  have  already  noticed.  Fig.  132  gives  an  idea  of  the 
manner  in  which  sonorous  waves  are  distributed  round  a  centre  of 
emission.  AVe  see  the  series  of  condensed  and  dilated  half-waves, 
and  the  undulating  lines  starting  from  tlie  centre  show  how  the  con- 
densiitions  and  dilatations  lose  their  amplitude  in  proportion  as  the 
distance  inci'eases. 

To  account  for  the  fact  that  waves  are  propagated  without  the  parti- 
cles of  air  moving  with  them,  sound  waves  may  generally  be  compared 
to  the  movement  of  a  cord  which  is  sharjily  jerked  by  the  hand.  The 
undulations  travoi-se  the  coixl  tix)m  one  end  to  the  other;  and  if  it  is 
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fastened  by  one  of  its  extremitiea,  the  wave  returns  on  itself.  In 
either  case,  the  movement  is  transmitted  without  any  real  change  in 
the  distance  of  the  molecules  from  the  ]>oiut  whence  the  impulse  is 
derived.  The  same  effect  is  observed  when  we  throw  a  stone  into 
water;  the  disturbance  produced  in  the  liquid  raase  is  propagated  in  h 
series  of  concentric  waves  which  disappear  as  the  distance  increases, 
but  tlie  molecules  of  water  are  not  transported,  as  it  is  easy  to  prove 


to  oneself  by  observing  the  fixed  position  of  light  suliatances  floating 
on  the  surface.  But  in  these  examples,  which  are  otherwise  useful  in 
giving  us  some  idea  of  the  mode  of  propagation  of  sound  waves, 
there  is  an  essential  difference  which  must  not  be  forgotten.  The 
condensations  and  dilatations  of  the  air,  caused  by  the  vibrations  of 
sonorous  bodies,  are  effected  in  the  same  direction  as  the  movement 
of  propagation :    they  take  place  parallel   to  the   direction  of  each 
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sonorous  wave,  whilst  the  undulations  of  the  cord,  or  that  of  the 
surface  of  the  water,  are  effected  in  a  direction  perpendicular  to  the 
movement  of  propagation.  We  shall  see  soon  that  something  like 
this  takes  place  with  the  waves  which  traverse  the  medium  called  the 
ether,  which  have  their  origin  in  vibrations  from  limiinous  sources. 

All  this  perfectly  accounts  for  the  transmission  of  a  single  sound 
which  the  air  carries,  so  to  speak,  to  our  ear.  But  if  the  air  is  thus 
the  vehicle  of  sonorous  vibrations,  how  does  it  happen  that  it  pro- 
pagates, without  alteration,  the  vibrations  of  many  simultaneous 
sounds  ?  We  are  at  a  concert ;  numerous  instruments  are  simulta- 
neously emitting  soimds  which  differ  in  intensity,  pitch,  and  quality. 
The  centres  of  emission  are  distributed  over  the  room;  how  is  it 
that  the  mass  of  air  inclosed  by  the  walls  is  able  at  the  same 
time  to  transmit  so  many  vibrations  without  the  production  of 
complete  chaos  of  sound? 

Or  again,  it  is  morning.  A  fine  thick  rain  falls,  and  the  drops  on 
striking  the  ground  produce  a  multitude  of  little  noises  which  arrive 
in  a  distinct  form  to  our  ear ;  the  songs  of  birds,  which  the  coming 
of  spring  awakens  everywhere,  rise  in  the  air,  and  seem  to  pierce 
the  light  mist  which  the  rain  sheds  on  the  horizon.  Above  this 
warbling,  cock-crowing,  barking  of  dogs,  joltings  of  a  heavy  cart  on 
the  paved  road,  the  sound  of  bells,  here  and  there  human  voices,  all  of 
which  sing,  cry,  speak,  sounding  altogether  without  the  ear  finding 
any  confusion.  These  multiple  sounds,  the  simultaneity  of  which  and 
their  resonances  would  be  discordant  if  they  were  all  produced  in  a 
naiTow  space,  are  drowned  in  the  vast  extent  of  the  stratum  of  air 
which  covers  the  plain,  thus  mixing  into  sweet  harmony.  Here,  the 
same  ([uestion  presents  itself:  How  can  the  air  transmit  distinctly 
and  at  the  same  time  so  many  undulations  emanating  from  different 
centres,  so  many  vibrations  which  are  not  isochronous  ?  How  can 
the  intensity,  pitch,  and  quality  of  each  sound  co-exist,  in  this  elastic 
and  moveable  medium,  without  alteration  ? 

This  is  a  problem  the  data  of  wliich  appear  so  complex,  that  it  is 
beyond  analysis.  Nevertheless,  theory  accounts  for  these  phenomena, 
the  explanation  of  which  appears  so  difficult  at  first  sight,  and  simple 
experiments  justify  the  theoretical  conclusions.  Two  learned  geometers 
of  the  last  century,  Daniel  Bemouilli  and  Euler,  demonstrated  the 
principle  of  the  co-existence  of  small  movements  and  oscillations  in  the 
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same  medium.  The  following  is  their  theoiy.  If  we  throw  into  water 
two  or  more  stones  near  to  each  other,  we  perceive  concentric  circles 
ptodnced  by  each  of  them,  which  cross  withont  destroying  one  another, 
especially  if  theii  amplitude  is  not  too  great.  Fig.  133,  which  we 
borrow  from  the  work  of  a  learned  physicist,  M.  Weber,  shows  how 
waves  cross  eacli  other  on  the  surface  of  a  Uiiuid,  and  how  they  are 
reflected  from  the  sides  of  the  coutaiuiug  vessel.     The  form  of  t}ie 


latter  is  elliptical,  it  is  filled  with  mercury,  and  the  waves  which  are 
seen  on  its  surface  are  those  produced  by  the  fall  of  a  drop  of  the 
liquid  in  one  of  the  foci  of  the  ellipse.  Concentric  circular  waves 
are  produced  at  this  focus,  then  reflected  waves  wliich  all  tend  t*i 
collect  at  the  second  focus  of  the  curve.  The  same  results  are  evi- 
dently produced  as  if  a  ilrop  hail  fallen  at  the  same  time  at 
each  foeus. 
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Tliis  ingenious  exi>erinient  proves,  then,  on  the  one  hand,  the 
])ossiblo  co-existence  of  waves,  and,  on  the  other,  tlie  law  of  their 
reflection.  After  making  the  reser\'ation  of  which  we  have  spoken 
aliove  as  to  the  direction  of  sound  waves,  we  obtain  thus  a  very 
g^KHl  ideal  of  the  reflection  of  sounds  and  their  simultaneous  pro- 
pagation through  the  air. 
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CHAPTER   VII. 

MUSICAL  SOUNDS. — THE   GAMUT,   OR   MUSICAL   SCALK. 

DiBtinction  between  noises  and  musical  sounds — Definition  of  the  gamut ;  intervals 
which  compose  it — The  scale  of  the  musical  gamut  is  unlimited ;  convention 
which  limits  it  in  practice— Names  and  values  of  the  intervals  of  the  natural 
major  scale — Modulations;  constitution  of  the  major  gamuts  proceeding  by 
sharps  and  flats — Minor  scale. 

fTIHDE  human  ear,  as  we  have  remarked  in  the  preceding  chapter,  is 
-^  limited  as  regards  its  perception  of  sound.  It  has  been  proved 
by  experiment  that  32  simple  vibrations  per  second  is  the  limit  of 
grave  sounds,  while  that  of  acute  sound  is  73,000  vibrations.  Between 
these  extreme  limits  the  scale  of  sounds  is  evidently  continuous,  so 
that  there  is  an  infinity  of  sounds  liaving  a  different  pitch  appre- 
ciable to  the  ear,  and  passing  from  the  grave  to  the  acute,  or  from 
the  acute  to  the  grave,  by  imperceptible  degrees. 

All  the  sounds  comprised  in  this  scale,  and  susceptible  conse- 
quently of  being  compared  among  themselves  as  regards  pitch,  are 
what  are  called  musical  sounds;  by  combining  them  by  means  of 
succession  or  simultaneity,  according  to  detennined  rules  of  time, 
pitch,  intensity,  or  quality,  the  musician  is  able  to  produce  the  effects 
which  constitute  a  musical  composition. 

Are  all  the  sounds  and  noises  perceptible  to  the  ear,  musical 
sounds  ?  Undoubtedly  not,  if  we  mean  by  musical  sound  that  which 
a  composer  or  artist  thinks  right  to  introduce  into  his  work  to  add  to 
the  desired  effect.  Not  only  must  these  sounds  be  closely  connected 
by  bonds  which  are  determined  by  the  pitch,  but  they  must  also 
unite  certain  particular  qualities  the  examination  of  which  belongs 
to  the  domain  of  art  rather  than  of  scienca  The  question  becomes 
altered  if  the  term  musical  sound  is  applied  exclusively  to  those 
whose  pitch  is  appreciable,  and  which  the  ear  can  compare  to  other 
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higher  or  graver  sounds,  the  \ibratioiis  of  which  may  be  measiued 
according  to  a  constant  and  regular  law.  In  this  case,  physicists  dis- 
tinguish noises  properly  so  called  from  musical  sounds.  Noise  fre- 
quently proceeds  from  a  confused  mixture  of  different  sounds  which 
the  ear  can  scarcely  distinguish  from  each  other,  but  the  separation  of 
which  is  possible.  At  other  times,  noise  is  nothing  but  a  sound  the 
vibrations  of  which  do  not  last  long  enough  to  enable  liie  hearer  to 
appreciate  the  relative  pitch.  The  cracking  of  a  whip,  the  collision  of 
two  stones  or  two  pieces  of  wood  against  each  other,  and  generally  of 
any  two  bodies  which  are  but  weakly  sonorous,  the  report  of  fire-arms, 
are  noises  of  this  last  kind ;  whilst  the  dull  surging  of  a  stormy  sea 
and  the  rustling  of  leaves  in  a  forest  proceed  from  the  mixture  of 
a  multitude  of  sounds  or  confused  noises. 

The  attempts  which  have  been  made  to  compare  the  pitch  of  simple 
noises  with  musical  sounds  prove  that  the  distinction  of  which  we 
speak  is  more  apparent  than  real.  Physicists  have  succeeded,  by 
varying  the  dimensions  of  a  series  of  wooden  balls  and  causing  them 
to  come  together  in  collision,  in  making  them  emit  the  tones  of  the 
musical  gamut ;  but,  in  order  that  the  ear  should  easily  seize  their 
relationship,  it  is  necessary  that  the  soimds  succeed  each  other  at  very 
short  intervals.  On  the  other  hand,  we  can  separate  the  noises  formed 
of  sounds  mixed  together,  and  can  distinguish  some  of  the  elementary 
sounds  of  which  these  noises  are  composed.  The  sensibility  of  the  ear, 
joined  to  the  habit  of  comparisons  of  this  kind,  contributes  greatly  to 
render  these  distinctions  possible. 

Let  us  now  endeavour  to  form  some  idea  of  the  succession  and  con- 
nection of  sounds  which  constitute  musical  scales  known  under  the 
name  of  gamuts  and  which  form  the  physical  basis  of  modem  music. 

The  name  of  "  gamut "  is  given  to  a  series  of  seven  soimds  which 
succeed  each  other,  proceeding  from  the  grave  to  the  acute  or  from  the 
acute  to  the  grave,  and  which  are  comprised  between  two  extreme 
notes  having  the  following  character,  viz.  that  the  highest  sound  is 
produced  by  double  the  number  of  vibrations  of  the  lowest  The 
most  acute  note  being  the  eighth  of  the  series,  the  two  extreme  notes 
are  the  octaves  of  eacli  other :  one  being  the  lower  octave,  the  other 
the  higher  one.  If  we  now  start  from  the  eighth  note,  considered  as 
the  starting-point  of  a  series  similar  to  tlie  firat,  and  if  we  take  care 
to  compose  this  new  series  of  notes  having  between  them  the  same 
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degrees  of  pitch  as  the  first,  it  will  be  noticed  that  the  impression  left 
on  the  ear  by  their  succession  has  the  greatest  analogy  with  that 
which  results  from  hearing  tlie  notes  of  the  first  scale.  A  melody, 
formed  of  a  succession  of  notes  taken  from  the  first  series,  preserves 
the  same  character  if  it  is  sung  or  played  with  the  help  of  notes  of 
the  same  order  taken  in  the  second  series.  It  would  be  the  same 
if  we  formed  in  a  similar  maimer  one  or  more  gamuts  higher  or 
lower  than  those  of  which  we  have  just  spoken. 

A  musical  scale  of  this  kind,  formed  of  consecutive  gamuts,  is 
unlimited,  or  at  least  has  no  other  limits  than  those  of  our  power 
of  perceiving  sounds. 

Before  giving  the  intervals  which  separate  the  successive  notes  of 
the  gamut,  or  in  other  words  the  ratio  of  the  nimiber  of  vibra- 
tions which  correspond  to  each  of  them,  we  may  remark  that  the  note 
from  which  we  start  to  form  a  gamut,  or  to  study  music,  is  arbitrary, 
as  there  are  an  infinite  number  of  similar  musical  scales  placed  by 
nature  at  the  disposal  of  musicians.  But,  for  the  practice  of  music, 
the  want  has  been  felt  of  taking  conventionally  a  fixed  point  of 
departure.  Hence  in  modern  music  we  find  certain  definite  notes 
(the  vibrations  of  which  are  determined  by  the  vibmtions  necessary 
to  produce  one  of  them)  called  by  certain  definite  names :  the  names 
being  the  letters  of  the  alphabet,  A,  B,  C,  D,  E,  F,  G,  repeated  for 
each  octave.  So  long  as  it  is  merely  a  question  of  singing  or  of 
music  executed  by  the  human  voice,  a  convention  of  this  kind  is  not 
necessary,  as  the  voice  is  an  organ  sufficiently  flexible  to  emit  at  will 
notes  of  any  degree  of  acuteness  or  gravity  within  its  natural  limits. 
Hence  for  such  purposes  we  may  consider  the  gamut  as  a  thing 
independent  of  any  particular  pitch,  and  it  is  convenient  to  call  the 
notes  of  such  a  gamut  by  some  other  names.  Tliose  used  are  derived 
from   the  first  syllable  of  each  line  of  a  Latin  hymn  written  by 

Paulus  Diaconus :  — 

Ut  quam  laxis 
l^onare  fibris 
3f  ira  gestorani 
FamxxHi  tuorum 
Sohi  polluti 
Zabii  reatum 
jSnncte  Johannes. 

The  Italians  substituted  Do  for  Ut  for  the  first  note  of  the  gamut,  in 
the  seventeenth  century. 
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Our  arbitrary  names  for  the  seven  notes  of  this  gamut,  which  may 
be  independent  of  pitch,  in  passing  from  the  gravest  to  the  highest 
note,  are  as  follows : — 

Istnote.       2d.  3(1.  4th.  5th.  6th.  7th. 

Do,  Re,  Mi,  Fa,  Sol,  La,  Si. 
After  what  we  have  said  of  the  manner  in  wliich  the  preceding 
gamut  is  formed,  and  of  the  analogy,  if  not  the  identity,  which  exists 
between  the  notes  in  different  octaves,  we  can  understand  why  the 
same  names  have  been  given  to  the  notes  of  the  successive  gamuts. 
Musicians  distinguish  them  by  placing  numerical  signs  after  the 
names  of  the  notes,  to  mark  tlie  order  of  succession  of  the  gamut. 
The  two  scales  we  now  give — one  lower,  the  other  higher  than  the 
former  one — may  for  our  purposes  be  written  thus  : — 

Qamut  above    Do^^        Re_^        Mi_^        Fa^^        Sol^^        Ln_^        Si^ 
Gamut  below    Do  „        Re  .        Mi  Fa  „        Sol  „        La  „        Si  , 

2  2  2  2  2  3  2 

It  also  results  from  the  constitution  of  the  successive  scales  that  the 

notes  of  the  same  name  are  an  octave  from  each  other,  like  the  extreme 

notes  of  each  scale.     Thus,  Do_i,  Re_i,  Mi_i,  are  the  acute  octaves  of 

Do,,  Ee„,  Mi,.   Before  proceeding  further,  let  us  recall  the  laws  of  the 

vibrations  of  strings  and  tubes,  and  we  shall  understand  that  if  we 

stretch  a  series  of  seven  strings,  so  as  to  make  them  give  out  the  seven 

notes  of  the  scale,  we  shall  obtain  the  seven  notes  of  the  acute  scale, 

the  octave  of  the  first,  by  dividing  the  strings  into  two  equal  parts.     If 

instead  of  strings  we  had  taken  seven  open  or  closed  tubes,  giving  the 

scales  by  their  fundamental  notes,  we  must  take  seven  tubes  of  half 

the  length  to  obtain  the  more  acute  scale,  and  seven  tubes  of  double 

the  length  to  obtain  the  notes  of  the  lower  scale.     If  we  compare  each 

of  the  seven  notes  of  a  scale  to   the   lowest  note — to  that  which 

forms  what  is  called  the  tonic,  or  key-note,  in  reference  to  their  pitch 

there  are  many  different  intervals,  of  which  the  names  are  as  follows : 

From  Do  to  Do Unison. 

Re  to  Do ikcomL 

Mi  to  Do Third 

Fa  to  Do Fourth. 

Sol  to  Do Fifth. 

La  to  Do Sixth. 

Si  to  Do Seventh. 

And  lastly,     Do    to    Do Octave. 

"1 

The  musical  interval  is  defined  in  physics  as  the  relationship  of 
the  numl)ers  of  vibraticms  of  the  notes  of  whi(!h  it  is  formed.     Unison 
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and  the  octave  are  the  only  ones  of  which  we  have  given  the  value : 
1  or  j^  measures  the  interval  of  unison ;  2  or  f  measures  the  octave. 
It  only  remains  for  us  to  speak  now  of  the  numbers  which  measure 
the '  other  intervals.  The  following  are  the  numbers  as  they  are 
now  adopted  by  the  majority  of  physicists : — 

Do  —  Do 
Re  — 
Ml  — 


Fa   - 

Sol  - 
La  - 
Si  - 
Do_^- 


?» 


Unison 

-»  1 

Second 

-  8 

Third 

-  * 

Fourth 

=  4 

Fifth 

=  } 

Sixth 

-  * 

Seventh 

=  V 

Octave 

=.  2 

As  these  only  express  the  relationship,  they  can  be  written  in  the 
form  of  wliole  numbers,  and  the  seven  notes  of  the  scale  will  then  be 
found  to  be  represented  in  one  or  the  other  of  the  following  ways : — 


Do 

Re 

Mi 

Fa 

Sol 

La 

Si 

Do 

1 

s 

i 

1 

t 

* 

V 

2 

24 

27 

30 

32 

36 

40 

45 

48 

In  other  words,  if  the  tonic  or  key-note,  Do,  be  produced  by  24 
vibrations  in  a  given  time,  the  following  notes  will  be  produced  by  27, 
30,  ...  .  48,  &c. 

It  is  easy  to  calculate  by  tlie  aid  of  this  table  the  consecutive 
interval  of  the  notes  of  the  scale — 

Do         Re  Mi   Fa         Sol  La  Si  Do 

It  will  be  seen  that  these  inter\'als  are  not  equal.  The  gi^eatest, 
although  unequal,  are  called  major  seconds  or  tones,  and  the  smallest 
minor  seconds  or  semitones.  Although  the  major  seconds  are  not 
equal,  it  is  agreed  to  place  them  under  the  same  denomination,  and  the 
scale  is  composed  of  the  following  successive  intervals : — 


A  major  second  =  tone. 
A  major  second  =  tone. 
A  minor  second  =  semitone, 
A  major  second  =  tone. 
A  major  second  =  tone. 
A  major  second  =  tone. 
A  minor  second  =  semitone. 
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A  scale  thus  formed  is  called  a  major  scale,  to  distinguish  it  from 
the  scale  formed  of  intervals  succeeding  each  other  in  another  order, 
which  is  called  a  minor  scale. 

The  musical  scale  thus  formed  is  not  sufficient  for  the  composer 
in  the  case  of  melodies,  for  if  confined  to  such  narrow  limits  they 
would  have  a  monotonous  character  incompatible  with  the  variety  of 
impression  he  might  wish  to  produce.  To  increase  his  resources,  he 
passes,  in  the  same  piece,  from  one  scale  to  another ;  and  it  is  to 
these  transitions,  the  rules  of  which  form  so  large  a  part  of  the  art  of 
music,  that  the  name  of  modtUations  has  been  given.  The  new  scales 
into  which  modulation  takes  place  differ  only  from  the  tonic  scale  in 
the  position  of  the  new  key-note  ;  the  order  of  succession  and  the 
relationship  of  pitch  of  the  new  scale  remain  the  same.  Let  us  write 
the  succession  of  two  consecutive  gamuts,  from  one  octave  to  another : — 

Do      Re      Mi  Fa      Sol      La      Si  Do       Be     Mi  Fa      Sol      La       Si  Do 

We  can  readily  comprehend  that  by  a  simple  substitution  of  the 

two  intervals  which  separate  the  Mi  from  the  Sol, — that  is  to  say,  by 

causing  Mi  to  be  followed  by  a  major  second  so  as  to  precede  the  Sol 

by  a  minor  second,  a  fresh  scale  will  be  produced  presenting  the 

same  series  of  intervals  as  the  first,  but  commencing  by  the  note  Sol 

instead  of  by  Do :  as  follows : — 

Scale  of  Do  Major, 

Do      Re     Mi  Fa      Sol      La      Si  Do      Re      Mi  Fa      Sol      La      Si  Do 

Scale  of  Sol  Major. 
Do        Re   Mi  Fa      Sol      La  Si  Do 

This  may  be  written  in  ordinary  musical  fashion : — 

C        D         EFG         ABC         DBF  GA        BC 

G         ABC         D       E  |FG 

Hence  by  adding  tlicirfgn     to  Fa  in  the  first  scale,  which  means  that 

we  lengthen  the  interval  below  it  and  reduce  the  interval  to  the  next 

note  to  a  higher  semitone,  we  have  the  two  former  octaves  written 

in  the 

Scale  of  Sol  Major, 

Do      Re      Mi      FajHol     La       Si  Do      Re      Mi      FajfSol    La       Si  Do 

Indeed  it  is  secjn  that  the  two  first  intervals  of  tliis  new  scale  are  two 
major  Hccrindn,  Sol- hi,  I>ji-Si,  and  that  they  are  followed  by  a  minor 
s<M'oii(|,  Si  l)n;  t  lien  follow  tlireo  major  seconds,  Do-Rc,  Ke-Mi,  and  ^li- 
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Faf ,  80  that  at  last  the  scale  is  terminated  by  a  minor  second,  Fa|-SoL 
The  new  note  must  receive  an  entirely  new  name;  it  is  distinguished 
from  the  Fa  which  it  replaces  by  the  name  of  Fa  sharp:  the  Fa 
natural  is  said  to  have  been  sharpened.  But  it  is  clear  that  we  need 
not  regard  these  difficulties.  We  have  only  to  consider  the  note  Sol 
as  a  new  Do,  and  proceed  as  before  modulation. 

We  can  not  only  sharpen  notes,  as  we  have  seen,  but  we  can 
flatten  them ;  this  process  is  indicated  by  the  sign  b. 

The  following  is  the  complete  table  of  the  major  scales  obtained 

by  this  means : — 

ScALB  or  "Do"  Natural  Major. 


Shftips. 

FUU. 

Scale  of  Sol 

1 

Scale  of  Fa        1 

Re 

2 

Sib      2 

La 

3 

Mib     3 

Mi 

4 

Lab     4 

Si 

5 

Reb     5 

Fa 

6 

Solt>     6 

Dott 

7 

Dob     7 

The  series  of  notes  sharpened  successively  is  as  follows : — Fa, 
Do,  Sol,  Be,  La,  Mi,  Si.  The  series  of  the  flattened  notes  is  precisely 
inverse : — Si,  Mi,  La,  Be,  Sol,  Do,  Fa.  The  important  point  to  re- 
member is  that  these  arrangements  only  alter  the  place  of  the  start- 
point  ;  the  natural  scale,  when  once  the  start-point  is  determined,  is 
invariable.  As  the  complete  exposition  of  the  rules  which  serv^e  to 
form  these  musical  scales  would  be  beyond  the  range  of  this  work, 
we  will  restrict  ourselves  to  saying  that  musicians  also  use  minor 
scales,  presenting  the  peculiarity  that  the  order  of  the  ascending 
intervals  differs  from  that  of  the  descending  intervals. 


La 

Si 

Do 

Re 

Mi 

S.il  t 

•        ■ 

La ., 


Minor  Scale. 

AHCcnding  inten-als. 

major  second, 
minor  second, 
mojor  second, 
major  second, 
major  second, 
major  second, 
minor  second. 


Lag 

soiq 

La  ft 
Mi 
Re 
Do 

Si 
La 


Descending  inten'als. 

.  major  second. 

.  major  second. 

.  minor  second. 

.  major  second. 

.  major  second. 

.  minor  second. 

.  major  second. 
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In  this  minor  scale,  we  see  that  the  two  notes,  Fa|  and  Sol#  of 
the  ascending  scale  are  replaced  by  the  two  notes  Fa,  Sol,  in  the  de- 
scending one :  musicians  indicate  this  by  using  the  symbol  of  each 
of  these  two  notes,  the  sign  tl,  which  they  call  a  cultural,  and  which 
shows  the  return  of  the  two  sliarpeued  notes  to  their  primitive 
or  natural  state.  The  same  sign  also  indicates  a  change  of  the  same 
kind  in  a  note  already  flattened. 
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CilAriEU  Vlll. 

OPTICAL   STUDY    OF  SOUNDS. 

Vibrations  of  a  tuning-fork ;  the  sinuous  curve  by  which  they  are  represented— 
Appreciation  of  the  comparative  pitch  of  two  notes  by  the  optical  method  of 
M.  Lissajous — Optical  curves  of  the  different  intervals  of  the  scale  ;  differences 
of  phase — Determination  of  the  concord  of  two  tuning-forks  —  Vibrations  of 
columns  of  air  in  tubes  ;  manometric  flames,  M.  Koenig's  method — Comparative 
Btudy  of  the  sounds  given  out  by  two  tubes  ;  the  nodes  and  neutral  segments  of 
columns  of  air. 

TTuTE  have  described  several  different  methods  for  counting  the 
number  of  vibrations  executed  by  a  sonorous  body  at  the 
moment  when  it  gives  out  a  certain  sound  :  the  toothed  wheel  syren, 
and  vibroscope  or  phonautograph,  are  the  instruments  used  for  this 
purpose.  In  the  last,  the  vibrations  themselves  are  inscribed  on  a 
surface,  and  their  amplitude  and  number  can  be  easily  shown :  this  is 
the  graphic  method  of  the  study  of  sound.  M.  Lissajous,  a  French 
physicist,  has  during  the  last  few  years  studied  the  vibratory  move- 
ments of  sonorous  bodies  by  the  aid  of  the  eye,  and  thus  substituted 
the  organ  of  sight  in  place  of  the  ear  for  distinguishing  the  relation- 
ship of  sounds ;  from  this  cause  the  method  of  examination  is  called 
the  optical  method.  The  following  is  a  brief  description  of  it.  By  its 
means  even  a  deaf  man  might  be  trusted  ^ith  researches  on  the  rela- 
tive pitch  of  sound.  "  There  is  no  one  among  us,"  said  M.  Lissajous 
in  a  lecture  explaining  this  new  method,  "  who  has  not,  in  his  child- 
hood, at  the  risk  of  setting  fire  to  the  paternal  house,  plunged  a  stick 
into  the  fire,  in  order  to  afterwards  move  the  glowing  end  with 
rapidity  through  the  air,  to  watch  with  the  natural  curiosity  of  youth 
the  brilliant  lines  of  fire  produced  as  by  a  magic  brush,  which  appeared, 
then  vanished  in  an  instant  from  the  sight.  This  is  the  experiment 
which  forms  the  basis  of  the  optical  method." 

o 
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A  tuning-fork  ia  a  little  instrument  formed  of  a  double  metallic 
rod,  the  united  branches  of  which,  like  a  long  horseshoe,  are  sup- 
ported by  a  cylindrical  column  resting  on  a  stand  (Fig.  134).  By 
inserting  a  piece  of  wood  lai^et  than  the  space  between  the  two 
extreniitte^i  of  tlic  prongs,  aud  rapidly  withdrawing  it,  the  elastic 
prongs   of  st<iel   are  caused  to   vibrat«,  and   their  oscillations   pro- 


iliice  a  niiLtical  note,  tlie  pitch  of  which  depends  on  the  form  ami 
dimensions  tif  the  instninient ;  jihysicists  sometimes  produce  vibrations 
by  drawing  a  bow  across  the  prongs.  The  tuning-fork  is  used  to 
regulate  tlie  tune  of  instruments  or  voices  in  orchestras  and  theatres  : 
the  normal  Uiniiig-fink  is  that  which  produces  a  certain  definite 
uuuiln'V  III'  vilirntii'iis  for  (lie  imli'  C. 
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To  render  the  vibrations  of  a  tuning-fork  visible,  M.  Lissajous  fixes 
by  its  convex  surface,  a  smaU  metallic  mirror  at  the  extremity  of  one 
of  the  prongs,  while  the  other  prong  has  a  counterpoise  to  render 
the  vibratory  movement  regular. 

"  If  we  look  in  this  mirror,"  he  says,  "  at  the  images  reflected  from 
a  light  a  few  yards  distant,  and  then  cause  the  tuning-fork  to  vibrate, 
we  observe  that  the  image  lengthens  itself  in  the  direction  of  the  length 
of  the  prongs.  If  the  tuning-fork  is  then  turned  round  on  its  axis, 
the  appearance  changes,  and  we  see  in  the  mirror  a  bright  sinuous 
line,  by  the  form  of  the  undulations  of  which  the  greater  or  less  am]>li- 
tude  of  the  vibratory  movement  is  indicated." 

By  using  a  second  mirror,  which  reflects  the  image  to  a  screen 
after  having  passed  through  a  convergent  lens,  the  phenomenon  can 
l»e  made  visible  to  a  large  audience.  In  this  case  a  brighter  8ourc«' 
of  light  must  be  employed — Uiat  of  the  sun  or  the  electric  Iv^hx, 
for  example — and  the  second  mirror  must  be  turned  round  a  vertical 
axis  to  obtain  the  transformation  of  the  rectilinear  image  into  a 
sinuous  curve. 

Hitherto  we  have  spoken  solely  of  rendering  visible  the  vibrations 
r»r  a  single  sonorous  body.  M.  Lissajous  has  succeeded  in  distinguish- 
ing the  comparative  pitch  of  two  notes  and  measuring  the  relation- 
ship of  the  numl>ers  of  vibrations  which  correspond  to  each  of  them. 
Two  tuning-forks  are  taken,  l)oth  fitted  with  mirrors  (Fig.  135) — but 
whilst  the  axis  of  one  is  vertical,  that  of  the  other  is  horizontal — in 
such  a  way  as  to  have  the  two  min'oi-s  opposite  to  each  other.  A  ray 
of  light  issuing  from  a  small  orifice  is  thrown  upon  one  of  these  mirroi-s ; 
it  suffers  reflection,  strikes  the  mirror  of  the  second  tuning-fork,  and 
is  again  sent  back  to  a  fixed  mirror.  A  third  reflection  projects  the 
luminous  ray  on  a  white  screen,  where  a  clear  and  bright  image  of  the 
opening  is  visible  so  long  as  the  two  tuning-forks  remain  at  rest. 

If  we  now  cause  the  vertical  fork  to  vibrate,  we  immediately 
jierceive  that,  instead  of  a  point  of  light,  the  vibratory  movement  pro- 
duces a  luminous  line,  elongated  in  the  vertical  direction.  If,  while 
the  vertical  tuning-fork  is  at  rest,  the  horizontal  one  is  caused  to 
vibrate,  the  image  is  elongated  in  a  horizontal  direction.  Lastly,  if 
lx)th  forks  are  OAused  to  \ibrate  simultaneously,  the  image  which 
now  results  from  two  movements,  one  at  right  an<i:les  to  the  other, 
\\  ill  descrilxi  a  luminous  curve  on  the  screen,  and  the  form  of  this 

o  -J 
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iiirve  will  ileiteiid  on  tlie  rektionsliip  which  exists  between  thu 
duration  of  the  two  systems  of  vibrations,  the  amplitude  of  the  oscil- 
lations, and  lastly  the  time  wliich  separates  the  beginnings  of  two 
consecutive  vibmtions  executed  by  both  forks  r  aii<t  it  is  this  time 
which  is  called  the  difieteuee  of  phase. 

M.  Lissajuus  has  in  tliid  manner  determined  the  lumiuous  cur\-eK 
given  by  forks  tuned  so  as  to  produce  the  intervals  of  the  scale,  hh 
it  is  ado]»t«d  liy  jtliysicistM. 


Tf  the  two  tuning-forks  are  in  unison,  the  lelationabip  of  the 
number  of  vibrations  is  1 ;  in  other  words,  the  vibrations  effected  in 
equal  times  are  of  equal  number.  The  difference  of  phase  is  itself 
nothing ;  the  vibrations  begin  at  the  same  time  in  both  tuning-forks  : 
there  is  a  luunnous  oblique  right  line,  the  diagonal  of  a  rectangle,  the 
sides  of  which  have  a  length  which  varies  with  the  amplitude  of  the 
HJmultaneous  vibrations.  This  right  line  is  changed  into  an  ellipse  or 
oval,  when  there  is  difference  of  phase.  Fig.  136  shows  the  curves 
}>iven  by  differences  of  phase  eq»ial  to  \,  \,  |,  and  J.  Tbey  are  again 
produced,  but  in  an  opposite  direction,  if  tlie  differences  are  J,  f ,  J, 
and  1. 

When  two  forks  are  an  oct«ve  apart  they  give  a  series  of  curves 
represented  in  Fig.  137,  which  indicate  that  one  of  the  forks  executes 
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a.  vibration  in  a  horizontal  direction,  whilst  the  other  makes  two  in  n 
vertical  direction. 

iiijj 

If  the  numbers  of  vibrations  are  in  tlie  ratio  of  3  :  2,  4  ;  3,  S  :  4, 
'>  :  :i,  9  :  8,  and  If)  ;  8,  the  forks  are  tuned  to  intervals  of  fifth,  fourtli, 


thinl,  sixth,  major  second,  and  seventh.  In  Fig.  137  the  optical  curves 
olitained  in  the  case  of  the  fourth  and  fifth,  with  tlie  variations  of 
fomi  which  proceed  from  the  differences  of  phase,  are  shown.  By 
3tu<lying  these  curves  it  is  possible  to  count  the  niimber  of  vibra- 
tions made  by  the  luminous  point  in  a  horizontal  and  a  vertical 
direction ;   and  as  they  are   all  effected  in  the  same  time,  we  also 
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learn  the  relative  numerical  relation  of  the  two  notes.  When  the 
pitch  of  the  forks  agrees,  the  same  curve  continues  on  the  screen 
during  the  whole  time  of  their  simultaneous  resonance,  and  it  ends 
by  being  reduced  to  a  point.  If,  on  the  contrary,  the  pitch  is  not 
quite  the  same ;  if,  for  instance,  the  octave  is  not  quite  perfect,  the 
effect  is  the  same  as  if  there  had  been  a  continual  changing  in  the 
difference  of  phase,  and  the  curve  passes  imperceptibly  through 
all  the  forms  indicated  in  the  figure.  The  time  that  it  takes  to 
accomplish  the  entire  round  of  these  transformations  being  noted,  it 
is  concluded  that  there  is  a  difference  of  one  vibration  on  the  lowest 
tuning-fork,  and  two  \ibrations  on  the  highest,  relatively  to  the 
numl)er  whicli  the  tnie  octave  would  produce. 

This  method  is  so  precise  that  the  slightest  difference  is  detected. 
Thus,  let  us  suppose  two  tuning-forks  in  unison.  The  optical  curve 
will  l)e,  according  to  the  difference  of  phase,  one  of  those  which  is 
n*presented  by  Fig.  136,  and  it  will  remain  during  all  the  vibrations. 
J  f  one  prong  of  the  tuning-fork  is  slightly  warmed,  it  will  cause  a 
decrease  of  pitch  :  the  imison  will  be  altered,  and  immediately  we 
nl>.Qerve  a  variation  in  the  form  of  the  optical  curve  produced  on 
tlie  screen,  whicli  shows  that  the  concord  has  ceased. 

The  optical  method  not  only  determines  the  relative  numbers  ol* 
Nibrations,  but  also  shows  the  absolute  number  of  the  vibrations 
which  corresix)nd  to  a  given  sound.  Having  once  made  a  tuning-fork 
whicli  gives  the  normal  concert  pitch  of  the  note  C,  adopted  by 
orchestras,  it  is  easy  to  use  it  afterwards  as  a  type  from  which  to 
(»oii«tnict  other  tuning-forks  in  unison  with  it, 

M,  Lissajoiis  has  applied  his  method  to  the  study  of  vibrating 
strings,  and  even  to  that  of  sound  propagated  through  air.  In  order  U\ 
effect  this,  he  illumines  the  string  at  one  of  its  extremities,  by  casting 
a  luminous  ray  upon  it :  in  the  second  instance  he  receives  the  move- 
ments of  the  air  on  a  membrane  to  the  surface  of  which  a  small  bright 
l)ead  is  aSixed. 

We  have  forgotten  to  mention  that  if,  in  all  these  experiments, 
the  cur\'es  traced  by  the  luminous  points  are  visible  at  the  same 
time  in  all  their  paits — that  is  to  say,  if  an  entire  revolution  is 
terminated  before  the  persistence  of  the  impression  of  light  on  the 
retina  had  ceased — as  the  duration  of  this  persistence  is  about  a  tenth 
of  a  second,  we  may  infer  that  such  is,  at  the  maximum,  the  time 


tHAF.  vin.] 


OPTICAL  STUDY  OF  SOUNDS. 


employed  l>y  the  image  of  the  ponit  to  traverse  tht^  eiilire  sinuosity  of 
the  curve. 

Such  is  the  original  inetho*!  employed  by  M.  Liasajous  to  render 
vibratory  Diovements,  and  the  most  delicate  [leeuliarities  of  these 
movements,  percuptible  to  the  eye.  It  will  lie  seen.  therefor«\  that  we 
were  right  in  saying  that  a  i^rsnn  de|iri\ed  of  tlie  faculty  of  liearin;- 
would  be  able  to  compare  sounds  with  greater  precision  than  the 
most  susceptible  ear  could  do  by  hearing  alone. 

During  the  last  few  years  a  musician,  M,  Koeni;:;,  has  invented 
another  very  ingenious  method  of  studying  the 
vibrations  of  columns  of  air  in  tubes,  which  we 
will  now  endeavour  to  describe.  One  of  the  walls 
"f  a  sonorous  tube  ia  perforated  by  a  certain 
number  of  oiJenings — with  three,  for  example,  cor- 
I'espoudiug  to  the  notle  of  the  fundamental  not*t 
and  to  the  two  nodes  of  its  octave;  each  of  these 
openings  is  closed  by  a  small  cliamber  from  which 
issues  a  gas  jet  communicating  with  a  tube  which 
conveys  the  coal  gas  to  the  chamber  and  jet.  That 
part  of  the  chamber  which  communicates  with 
the  interior  of  the  sonorous  tube  in  contact  with 
the  vibrating  gaseous  column  is  formed  of  a  thin  ^^ 

sheet  of  caoutchouc,  and  is  slightly  extended  by  the  Hlfl 

pi«ssure  of  the  gas.  It  is  then  eminently  elastic, 
and  yields  to  the  least  increase  of  pressure.  Let 
us  suppose  the  gas  jet  to  be  liyhttsd:  if  the  interior 
pressure  of  air  of  the  tube  increases,  the  caout- 
chouc membrane  is  compressed,  so  that  the  eajm- 
city  of  the  small  chamber  dimiititihes  and  the  flame 
is  elongated;  it  shortens,  however,  if  the  pressure 
diminishes,  because  the  interior  capacity  of  the 
chamber  then  increases.  It  will  be  seen,  therefore, 
that  the  gas  light  is  in  reality  a  manometer,  an  *'"'i,i?^;;;;Vtri"fll!lJIi"'''' 
indicator  of  changes  of  pressure;  and  M.  Koenig 
calls  the  flames  which  issue  from  the  gas  Jets  at  the  side  of  the  pipe 
manonietrie  Jlnmcs.  Let  us  imagine  tliat  the  sonorous  tube  is  fitted  to 
a  pair  of  bellows,  and  that  the  air  enclosed  by  it  is  thrown  into 
vibration.      We  know  that  when  a  gaseous   column  vilirates,  it   is 
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altuniately  condensed  niiil  dilated  by  the  propagatloa  of  sonoroua 
waves.  If  tlie  sound  produced  by  the  tube  U  the  fundamental  note, 
the  node  is  formed  at  the  middle  of  the  gaseotiB  column ;  at  this  point 
the  dilatation  and  compression  of  the  air  attain  their  maximum.  The 
successive  condensations  and  dilatations  are  then  transmitted  to  the 
manometric  chamber  of  the  middle  portion  of  the  tube,  the  flame  of 
which  eloi^tes  and  shortens  itself  alternately,  executing  a  series  of 
movements  which  indicate  the  vibratory  condition  of  the  sonorous 
Itody,  If  we  cause  the  tube  to  give  the  octave  of  the  fundamental 
note,  thei'e  will  \te  a  segment  opposite  to  the  middle  chamlwr  and 
a  node  at  each  of  the  others.  We  shall  then  observe  that  the  end 
flames  are  very  ninch  affitated,  whilst  the  middle  flame  will  remain 
immn veal  lie. 


note.  Hid  the  octATe  iboTe  tba  AmduHotAj  dt 


We  know  that  in  .sonorous  tubes  the  vibrating  column  of  air  ia 
diA-ided  into  separate  parts  by  the  nodes,  the  nuddle  points  of  which 
are  vibrating  segini'nts.  At  the  nodes  the  air  is  at  rest,  but  its  density 
is  alternately  at  a  maximum  and  minimum.  On  the  other  hand,  each 
vibrating  segment  is  the  point  where  the  disturbance  is  at  its  greatest, 
whilst  tlie  density  of  the  air  remains  invariable.  Now,  as  the  varia- 
tion of  density  determines  the  variations  of  pressure,  and  as  these  are 
transmitted  to  the  flames  by  the  membranes  of  the  chamber,  it  follows 
that  the  manometric  flames  are  very  much  agitated  when  they  are 
opposite  the  nodes,  whilst  they  remain  at  rest  if  they  correspond  to  a 
segment  of  the  vihmting  column.  M.  Koenig's  method  enables  us  to 
prove  the  existence  of  these  different  points ;  by  reducing  the  flames  to 
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a  emal]  size,  the  agitation  which  they  undergo  ojiposite  the  nodes  puts 
them  out,  whilst  they  remain  alight  opposite  the  eegnieuts.  To  make 
t  he  elongations  and  shortenings  of  the  flame  more  sensilile,  M.  Koenig 
uses  a  mode  of  projection  similar  to  that  which  M.  Lisaajous  has 
adopted  for  the  optical  method.  He  places  a  mirror  near  the  jet  of 
gas,  and  causes  it  to  rotate  by  means  of  toothed  wheels  and  a  handle.  ^ 


-'r^'ir^LTnT^i  nifcf_j^L^_.  if'^--- 


When  the  tube  sounds,  the  revolving  mirror  shows  a  succession  of 
flames  separated  by  dark  intervals,  or  a  luminous  band  with  a  toothed 
edge,  ^y  placing  a  converging  lens  between  the  jet  and  the  revolving 
mirror,  a  clear  and  bright  image  is  projected  on  the  screen,  where  all 
the  peculiarities  of  the  phenomenon  can  be  studied. 


/'//  rswA  L  pff/ayoM/c.vA . 
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Th«8,  ill  tlie  two  experiments  whicH  wfe^iave  just  described,  where 
the  tube  gives  snccesHively  the  fuadsinental  note  and  its  octave,  th« 
change  of  light  Bhows  itself  immttdiately  iu  the  manometric  flames,  as 
ahowQ  by  Fig.  139,  where  the  upper  series  represents  the  effect  pro- 
duced by  the  vibration  of  the  fundamental   note,  whilst  the  lower 


serien  proceeds  ^m  the  note  which  is  an  octave  higher.     The  numltei- 
of  the  flames  is  double  in  the  second  case. 

The  same  result  is  obtained  by  Axing  t4)  a  bellows  two  different 
tubes,   one    an    octave    above    the   other,  each    of    which   is    fur- 


nished witli  )i  manometric  chanil)or;  when  tlie  Hanies  are  reflected  on 
Mie  same  revolving  niirmr.  they  give  the  two  series  whicli  are  repre- 
sented aWvc  (Kig.  140).  T"  ronipait;  the  pitch  of  the  not^^a  of  tulifs 
(if  difterent  intenals,  M,  Km  nig  i-mploys  aitotlier  methoil.  He  cau.te.* 
ihe  gfia.  the  combustion  of  wliicli  prodnces  the  flames  employed,  to  jmiss 
from  tme  cliunibur  tu  another,  but  only  one  jet  is  lighted.  Hv  causing 
the  two  tuljcs  to  sound  siiiiulttmeously,  the  same  flame  is  agitated  by 
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the  two  systicms  of  sonorous  waves,  and  following  each  other  we  see 
on  the  screen  flames  alternately  larger  and  smaller,  the  number  of 
which  depends  on  the  musical  interval  of  the  notes.  "This  dispo- 
sition," says  M.  Koenig,  "  is  even  preferable  to  the  first,  whenever  the 
relation  beween  the  two  tubes  is  not  perfectly  simple."  For  example, 
for  tubes  giving  C  and  E  (a  tliird)  the  observation  of  four  images  corre- 
sponding to  five  becomes  difficult;  but  the  succession  of  images  which, 
by  groups  of  five,  are  elongated  and  shortened^  and  which  are  seen 
in  the  revolving  mirror  by  the  second  arrangement  (Fig.  142),  is  not 
of  a  very  complicated  appearance. 
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CHAPTER  IX. 

QUAUTY   OF  MUSICAL  NOTES. 

Simple  and  compound  notes— Co-existence  of  hannonics  with  the  fundamentiil 
notes — The  quality  (clang-tint)  of  a  note  depends  on  the  number  of  the  hannonics 
and  their  relative  mtensity ;  M.  Helmholtz's  theory — Harmonic  resonant 
ehambers  {rUonnaleurs) ;  experimental  study  of  the  quality  of  musical  notes 
— Quality  of  vowels. 

TITE  have  seen  that  among  the  qualities  of  a  musical  note  there  is 
*'  one  which  distinguishes  notes  having  the  same  pitch  and 
intensity.  The  A  of  a  violin  has  not  the  same  character  as  the  A 
of  the  flute  or  piano,  or  that  of  the  human  voice ;  and  further,  on 
the  same  instrument  a  note  does  not  sound  the  same  if  the  mode 
of  producing  it  changes.  Thus  the  note  obtained  by  a  violin  string 
vibrating  its  whole  length  is  not  identical  with  the  same  note 
obtained  from  another  string  by  the  stopping  with  the  finger. 
Human  voices  can  also  be  distinguished  from  each  other,  as  we  can 
prove  at  any  moment,  although  the  notes  may  be  of  the  same 
ntensity  and  pitch. 

This  particular  quality  of  notes  is  called  the  quality,  clang-tint, 
or  timbre. 

For  a  long  time  very  vague  ideas  prevailed  as  to  the  cause  of  this 
sing\ilar  modification  of  sound,  and  the  hypotheses  proposed  by  several 
mathematicians — aniong  them  Euler — could  never  be  verified  by  expe- 
riments. In  the  present  day,  thanks  to  the  labours  of  a  contemporary 
German  philosopher,  M.  Helmholtz,  this  o])scure  part  of  the  science 
of  acoustics  has  been  fully  explained :  and  the  cause  of  the  quality 
of  sound  has  been  discovered.  Some  very  ingenious  instruments 
constructed  by  ^M.  Koenig  have  considerably  simplified  the  experi- 
mental verification. 
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When  a  string,  tube,  rod,  or  any  sonoroua  body  produces  a  note, 
we  have,  besides  the  fundamental  note,  the  pitch  of  which  can  be 
easily  distinguished  by  the  ear,  more  feeble  notes,  wliich  correspond 
U)"  vibrations  of  less  amplitude  and  variable  velocities,  effected  by 
different  parU  of  the  sonorous  body.  Tlie  co-existence  of  tbeso 
^~ibration3  produces  a  compound  note:  on  tlie  one  band  tbe  most 
intense  fundamental  note ;  and  on  tbe  other,  harmonic  sounds  vbose 
numbers  of  vibrations  are  multiples  of  tbe  number  of  vibrations 
of  the  fundamental  note. 

According  to  M.  Heluiholtz,  tbe  clang-tint  of  a  note  depends  at 
once  on  the  number  of  harmonic  notes  which  accompany  it,  and  on  tbe 
relative  intensity  of  each  of  them.  The  exactitude  of  this  explana- 
tion has  been  proved  by  the  following  means : — 

A  series  of  hollow  copper  globes,  of  different  sizes,  pierced  with 
two  openings  of  unequal  diameter,  were  constructed  in  such  a  manner 
that  in  each  of  them  the   interior 
mass  of  air  resounds  when  a  body 
giving  a  certain  note  is  placed  before 
tbe  large  opening  (Fig.  143).     These 
are  called  resonance  globes,  and  their 
property   consists  in   strengthening 
the  notes  for  which  they  are  tuned,  ^ 
and  by  which  the  air  which  they 
enclose    is    thrown    into  vibration. 
This   l>eing   established,  M.  Koenig 
constructed  an  apparatus  formed  of     ''"'■  "s-*!- HeimboUi'i reionsnee eiuw, 
eight  globes  tuned  to  the  series  of 

the  harmonic  sounds,  1,  2, 3, 4,  5, 6,  &c. :  for  example,  for  the  notes  do^, 
do^,  sol^,  do^  mi^  sol^.  &c.  Fig.  144  shows  them  fixed  on  a  stand  one 
below  the  other ;  they  each  communicate  by  an  india-rubber  t\ibe 
placed  over  the  small  opening  with  a  manometric  chamber ;  the  gas  jets 
of  these  chambers  are  placed  parallel  to  the  revoK-ing  mirror,  and  we 
can  easily  see  on  the  surface  of  this  mirror,  by  the  agitation  orrepose  of 
these  flames,  which  of  the  globes  has  entered  into  vibration.  When  a 
sonorous  body,  a  tuning-fork  for  instance,  is  caused  to  vibrate,  and  is 
moved  before  the  openings  of  the  globes,  the  note  is  strengthened  as 
soon  83  it  passes  before  that  which  gives  out  the  note  of  the  same 
pitch ;  and  the  flame  of  this  globe  appears  agitated  in  tbe  mirror.     If, 
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then,  a  compound  tone  is  produced,  to  study  the  hanuonics  of  this 
note  and  their  relative  intensity,  the  sonorous  body  most  be  moved 
before  the  openings  of  the  globe,  and  certain  flames  will  be  seen  agitated 
whilst  the  others  remain  at  rest.  As  the  agitation  is  more  or  less 
rapid,  the  intensity  can  be  calculated. 

By  this  means  we  can  show  that  a  variation  in  the  clang-tint  of 
a  note  of  certain  pitch  results  from  the  diflerence  of  the  harmonics 
which  compose  it,  and  from  the  predominance  of  one  or  other  of 
its  secondary  toiiex. 


'«t«ii^ 


vni^H  fi|>pumluA  fur  AiulyuDg  cluig-U: 


M.  Helmholtz,  by  applying  thia  method  to  the  study  of  the  clang- 
tints  of  vowels,  has  discovered  that  the  vowel  A,  for  example,  is  pio- 
(hiced  by  a  compound  of  certain  harmonics ;  so  that  when  tlie  larynx 
emits  this  particular  sound,  the  mouth  is  in  such  a  position  aa  to  give 
the  predominance  to  sucli  of  the  hniitiouie  rwlcs  as  aie  ititjuii-ctl. 


CHAP.  IX.J  QUALITY  OF  MUSICAL  NOTES.  207 


The  harmonics  vary  for  each  vowel  sound,  and  are  produced  by  the 
cavity  of  the  mouth,  &c.,  being  so  arranged  as  to  resound  most 
strongly  to  the  harmonic  required.  Thus,  in  the  case  of  the  vowel- 
sound  0,  we  require  the  fundamental  and  a  strong  higher  octave ; 
A  requires  the  third ;  E  an  intense  fourth ;  while  in  U  the  harmonics 
are  thrown  into  the  shade.^ 

1  This  interesting  subject  is  treated  at  some  length  in  Professor  Tyndall's  work 
<»n  *'  Sound,**  to  which  we  refer  for  farther  particulars. 
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CHAPTEK  X. 

IJ  EARING   AND  THE   VOICE. 

Organ  of  hearing  in  man  ;  anatomical  description  of  the  ear — The  external  ear  ;  the 
orifice  and  auditory  meatus.  The  intermediate  ear ;  the  drum  and  its  membrane  ; 
chain  of  small  bones — The  internal  ear  or  labjrrinth ;  semicircular  canaU,  the 
cochlea  and  fibres  of  Corti ;  auditory  nerve— R61e  of  these  different  organs  in 
hearing ;  the  difference  between  hearing  and  listening — The  organ  of  the  voice 
in  man  ;  larynx,  vocal  cords — Clang-tint  of  voices. 

A  LL  physical  phenomena  are  revealed  to  man  by  the  impressions 
-*^  which  they  produce  on  his  organs.  To  him  they  are  simple  or 
compound  sensations,  according  as  one  or  several  senses  conduce  to 
their  production.  Thus  it  is  by  the  help  of  the  organ  of  sight  that 
we  see  light ;  by  touch  that  we  perceive  the  sensation  of  heat ;  the 
effoits  our  muscles  make  to  lift  a  heavy  body,  the  sight  of  a  falling 
stone,  reveal  to  us  the  existence  of  gravity ;  and  the  ear  gives  us 
the  sensation  of  sound. 

But  to  study  the  phenomena  in  themselves,  and  to  discover  the 
conditions  and  the  laws  of  their  production,  it  is  necessary  for  us  to 
distinguish  in  the  sensations  experienced,  what  belongs  to  our  organs, 
and  what  is  a  stranger  and  external  to  them :  by  this  means  only  the 
real  nature  of  the  phenomena  becomes  intelligible  to  us.  In  truth, 
this  abstraction  is  never  complete,  because  there  cannot  be  one 
observation  or  one  experiment  which  does  not  require  the  presence  of 
man  and  the  intervention  of  one  or  other  of  his  senses  to  prove  the 
results.  How  shall  we,  then,  succeed  in  abstracting  oursdves,  so  to 
speak,  in  the  study  of  physical  phenomena  ?  It  is  by  varying  in  all 
possible  ways  their  modes  of  production,  as  well  as  the  methods  which 
we  use  to  observe  them  ;  in  a  word,  it  is  by  the  mutual  control  of  the 
sensations,  one  over  the  other,  that  the  tnith  can  by  degrees  be  brought 
to  light,  and  the  phenomena  appear  to  us  in  their  individuality  and 
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independence.  Thanks  to  the  use  of  these  methods,  we  now 
know  the  nature  of  sound ;  we  know  that  it  consists  of  a  peculiar 
movement  of  the  molecules  of  elastic,  solid,  liquid,  or  gaseous  elastic 
bodies.  We  have  already  proved  the  existence  of  sonorous  vibra- 
tions and  studied  their  laws.  It  now  remains  for  us  to  know  how 
these  vibrations  are  communicated  to  our  organs,  until  the  time  when 
they  form,  so  to  speak,  an  integral  part  of  our  being,  when  the 
disturbance  which  they  conmiunicate  to  our  nerves  is  transformed 
into  a  particular  sensation,  which  is  the  sensation  of  sound.  The 
ear  is  the  special  apparatus,  in  man  and  all  animals,  designed  to 
collect  sonorous  vibrations  and  to  transmit  them  to  the  auditory 
nerve.  Let  us  endeavour  to  explain,  according  to  the  anatomists, 
the  disposition  and  the  r6le  of  the  different  parts  of  this  organ. 

Every  one  knows  the  external  ear,  situated  on  each  side  of  the  head, 
and  composed  of  two  parts, — the  a/a,  or  wing,  and  the  auditory  canal. 

The  ala  or  wing  of  the  external  ear  (concha),  A  (Fig.  145),  consists 
of  a  cartilaginous  membrane,  its  form  varying  with  different  persons, 
but  most  often  it  is  of  an  irr^ular  oval  shape,  becoming  smaller  at 
its  lower  part.  At  the  centre  there  is  a  sort  of  funnel,  the  trumpet, 
which  forms  the  entrance  of  the  auditory  meatus,  B,  a  kind  of  tube 
or  sonorous  pipe  which  tenninates  at  a  certain  point  where  the 
intermediate  ear  begins:  there,  separated  from  the  auditory  canal  by 
a  very  thin  and  delicate  membrane,  c — the  tympanic  membrane — is 
the  tympanum,  a  sort  of  drum  (d),  known  as  the  drum  of  the  ear.  The 
membrane  of  the  tympanum  is  inclined  very  obliqxiely  to  the  axis 
of  the  auditory  nerve,  so  that  its  surface  is  much  greater  than  the 
cross  section  of  the  canal  at  the  point  of  its  insertion.  The  drum 
of  the  ear  is  pierced  with  four  openings,  two  of  which  are  through 
the  wall  which  faces  the  membrane,  and  as  one  is  of  a  circular  and  the 
other  of  an  elliptical  form,  they  are  designated  the  round  and  the  oval 
window;  the  latter  the  fenestra  ovalis  of  our  anatomists.  At  the 
lower  part  of  the  tympanum  enters  by  the  third  opening  a  canal,  I, 
which  makes  communication  between  the  middle  ear  and  the  outer 
air  through  the  inter\^enti()n  of  the  nasal  fosses.  Lastly,  a  fourth 
opening  is  in  the  upper  part  of  the  drum.  In  the  interior  of  the 
tympanum  there  is  a  series  of  little  bones  known  as  the  chmn  of 
small  hones,  or  atiditm*y  ossicles.  Fig.  146  represents  the  forms  and 
relative  positions  of  these.     One,  the  hammer  (mallevs),  M,  rests  on 
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one  side  on  the  membrane  of  the  tympanum,  and  the  other  on  the 
anvil,  E  (tJiCTw).  Tlie  two  others  are  the  lenticular  bone,  L  (os  orhunt- 
lare),  and  the  stirrup  (stapes),  k,  both  named  on  account  of  their 
form.  The  bottom  of  the  stirrup  is  joined  to  the  membrane  which 
is  tightly  stretched  over  the  fenestra  ovtUis.  Two  little  muscles  help 
to  move  the  hammer  and  the  stirrup,  to  support  them  with  more 
or  less  force  against  the  adjoining  membranes,  and  to  prevent  too 
violent  motion. 

Behind  the  drum  of  the  tympanum  is  the  internal  ear,  which 
appears  to  be  the  most  essential  part  of  the  organ  of  hearing.     It  is 


protected  by  the  hardest  parts  of  the  temporal  bone  which  anatomists 
call  the  petrous  bone.  Three  separate  cavities  compose  the  internal 
ear:  they  are,  the  vestibule,  at  the  middle  ;  the  semicircular  canals,  G, 
at  the  upper  part ;  and  the  cochlea,  H,  at  the  lower  part  The  whole 
forms  the  labyrinth,  the  interior  of  which  is  covered  with  a  membrane 
which  bathes  in  a  gelatinous  liquid,  the  perilymph.  Into  this  liquid 
plunge  the  ramifications  of  the  auditory  nerve,  which  penetrates  to 
the  labyrinth  by  a  bony  canal  called  the  inner  auditory  meatus. 

Such  is  a  description  of  the  principal  parts  which  constitute  the 
organ  of  hearing  in  man :  as  we  descend  the  animal  series,  the  external 
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and  middle  ears  gradually  disappear,  but  in  proportion  aa  the  organ 
is  simplified  the  remaining  parts  are  more  developed.  It  now  only 
remains  for  us  to  explain  the  use  of  each  of  tliem. 

Evidently  the  object  of  tlie  external  ear  is  to  collect  and  reflect 
sonorous  waves  into  the  opening  of  the  external  auditory  canaL  This 
18  proved  by  the  fact  that  animals  which  have  the  wing  of  the  ear 
moveable  turn  this  opening  towards  the  place  whence  the  sound 
comes,  as  soon  as  their  attention  is  awakened.  Man  has  not  this 
faculty ;  bat  it  has  been  observed  that  the  most  delicate  ears  belong 
to  those  whose  eai^wing  is  furthest  from  the  skull ;  and  we  all  know 
that  to  be  able  to  hear  better,  it  suffices  to  enlarge  the  surface 
artificially  with  the  hollow  of  the  hand.  The  external  auditory 
canal  transmits  the  sonorous  vibrations,  after  strengthening  them, 
to  the  membrane  of  the  tympanum,  then  by  the  chain  of  small 
bones  to  the  inner  ear.     The  Eustacliian  tube,  by  bringing  the  outer 
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air  into  the  box  of  the  tympanum,  maintains  on  both  sides  of  the 
membrane  the  same  pressure. 

As  to  the  small  bones,  besides  their  function  of  transmitting  vibra- 
tions to  the  inner  ear  more  easily  and  energetically  than  a  gaseous 
body  would  do,  it  appears  certein  tbat  tliey  transmit  the  tactions 
from  the  tympanic  membrane  to  the  fentstra  oralis,  and  perhaps 
that  they  streteh  the  membrane  of  the  tympanum  and  tliat  of  the 
fenestra  ovalix,  and  thus  render  them  more  susceptible  to  vibratory 
movement.  Hence  the  difference  wliich  exists,  as  regards  sensa- 
tion, between  the  modes  of  audition  wbicli  are  characterized  by  the 

'  The  Milid  porta  of  the  head  and  the  teeth  directly  transmit  sonorous  vibiatiooa 
to  the  internal  ear.  If  we  suspend  a  bell  to  a  string  between  the  teeth,  and  stop  the 
ears,  a  deep  sound  is  transmitted  hy  the  thread,  the  teeth,  and  petrous  bones  to 
tbe  iD(«mat  ear.  Deaf  people  whose  infirmity  is  only  owing  to  a  bad  conformation  of 
the  btenuJ  organs,  can  hear  in  this  way. 

V  2 
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two  words  to  lUlcn  and  to  hear.  The  person  who  only  hears  does 
not  undergo  such  a  strong  sensation,  because  the  action  of  the  will 
is  not  interfered  with.  On  the  other  hand,  as  soon  as  he  listens 
he  instinctively  gives  the  order  to  the  muscles  of  the  hammer  and 
of  the  anvil  to  act ;  the  membranes  are  stretched,  and  the  sound 
becomes  more  intense  and  distinct  This  idea,  proposed  by  Bichat, 
is  adopted  by  physiol<^ist3  and  philosophers.  It  appears  that  the 
degree  of  tension  of  the  membrane  of  the  tympanum  also  varies 
with  the  degree  of  acuteness  or  of  depth  of  the  sound  to  be  heard ; 
to  perceive  acute  sounds,  the  membrane  is  stretched  much  more 
than  if  they  were  deep  sounds.  In  Professor  Huxley's  "  Lessons  on 
Elementary  Phyaiolc^,"  it  is  stated  that  the  membranous  labyrinth 
distinguishes  irUensity  and  quantity  of  sound ;  while  the  finer  qualities 
are  discriminated  in  the  cochlea,  the  scala  media  of  which  represents 
8  key-board  of  a  piano,  the  fibres  of  Cori;i  the  keys,  and  the  ends  of 
the  nerves  the  strings.  Thei*  is  therefore  a  fibre  ready  to  take  up 
any  particular  note  of  vibration,  and  it  is  deaf  to  all  others. 

We  have  said  above  that  the  inner  ear  is  the  most  essential  part  of 
the  oi^n  of  hearing;  and  indeed,  it  has  been  proved  that  the  membrane 
of  the  tympanum  and  the  small  bones  can  be  lost  without  deafness 
enduing,  always  providing  that  the  two  windows  of  the  tympanum  are 
not  torn,  for  then  the  liquids  which  moisten  the  auditory  ner\-e  flow 
away,  the  organs  of  the  inner 
ear  become  dried  up,  and  they 
lose  their  sensibility,  as  well 
as  the  ramifications  of  the 
nerve  itself.  In  this  case, 
there  is  absolute  deafness. 

From  the  preceding  remarks 
we  see  that  the  theory  of 
hearing  still  presents  some 
diflficulties ;  but  it  is  rather 
"  the  task  of  physioli^sts  than 
of  physicists  to  dissipate  them 
entirely.  Tliat  which  is  so  admirable  in  this  organization  of  one  of 
the  most  useful  senses  to  the  conservation  of  the  individual,  to  his 
relations  with  his  fellows  and  the  outer  world,  and  which  is  the 
source  of  the  most  delicate  and  profound  enjoyments,  is  its  wonderful 


CHAT.  S.] 


UEABINO  AND  THE  VOICE. 


213 


faculty  to  hear  an  indefinite  multitude  of  sounds.  The  co-existence 
of  vibrations  in  the  air  and  in  media  suitable  for  the  propagation 
of  sound  accounts  for  this  property  of  the  ear,  which  transmits  to 
the  nerves  and  thence  to  the  brain  the  thousand  modifications  of 
the  elastic  medium  among  which  we  live. 

Let  us  conclude  this  study  of  the  phenomena  of  sound  by  a  short 
description  of  the  organ  of  the  voice  in  man,  of  this  natural  musical 
instrument  by  tlie  aid  of  which  we  communicate  our  ideas  in  tlieir 


moat  delicate  and  intimate  shades,  an  instnuneiit  so  flexible  and  com- 
plete that  the  most  perfect  artificial  instrument  cannot  succeed  in  the 
diveraity  of  shades  and  qualities  which  enables  the  human  voice  to 
express  the  most  varied  sentiments  and  passions. 

ITie  vocal  organ  is  nothing  more  than  a  wind  instrument ;  tliat  is, 
tlie  sounds  arc  proihiced  by  more  or  less  rapid  vibratirniM  of  tlie  air,  in 
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its  passage  through  an  opening  of  particular  form  more  or  less  re- 
stricted. The  air  passes  from  the  lungs  by  a  tube  or  annular  canal,  n, 
called  the  windpipe ;  from  that  it  penetrates  into  the  larynx,  M,  where 
it  enters  into  vibration  and  produces  the  notes  of  the  voice,  then 
into  the  pharynx,  a  funnel  which  enters  the  back  of  the  mouth. 
The  sound  then  arrives  in  tlie  cavities  of  the  nasal  fosses  and  of 
the  mouth,  which  acts  as  a  resonant  cliamber  and  gives  a  special 
clang-tint  to  the  note. 

Figure  149  shows  the  interior  conformation  of  the  larynx.  It  is  as 
it  were  a  kind  of  cartilaginous  box,  the  base  of  which  terminates  in 
the  windpipe,  N,  and  the  summit  by  the  hyoid  bone,  formed  like  a 
horse-shoe.  The  epiglottis,  e,  is  a  sort  of  moveable  valve,  which  by 
descending  can  close  the  larynx  at  its  upper  part,  thus  preventing 
food  from  penetrating  into  it,  which  would  produce  extinction  of  the 
voice^  and  suffocation.  Underneath  the  epiglottis  is  the  glottis»  k, 
an  opening  comprised  between  two  systems  of  folds  leaving  a  cavity 
between  them  called  the  ventricles  of  the  larynx.  These  folds 
bounding  the  glottis  are  the  so-called  "vocal  chords,"  or  ligaments: 
these  are  elastic  cushions,  with  broad  bases  and  sharp,  free,  parallel 
edges ;  they  are  stretched  to  a  d^ree  of  tightness  which  enables 
them  to  vibrate  quickly  so  as  to  produce  audible  sounds,  the  vibration 
being  set  up  by  the  passage  of  the  air.  When  quiescent,  the  glottis 
is  Y-shaped,  and  air  can  pass  without  producing  sound. 

Physiological  experiments  have  shown  that  the  vocal  chords  vibrate 
like  the  serrated  mouths  of  sonorous  tubes,  and  that  soimds  thus  pro- 
duced are  more  or  less  acute  according  as  the  tension,  more  or  less 
stiong,  of  the  vocal  chords  modifies  the  form  and  dimensions  of  the 
o[)ening  between  them  called  the  glottia  When  the  note  arrives  in 
the  mouth,  its  pitch  is  determined;  it  is  not  submitted  to  any  other 
luodiUciitiouH  than  those  which  constitute  the  clang-tint,  or  which 
form  the  juticulatcil  voice.  The  movements  of  the  pharynx,  tongue, 
and  lipH  scuve  to  pix)duce  these  various  changes,  which  we  have  not 
the  space  to  Hpeak  of  here.  We  will  only  state  that  men's  voices, 
differing  from  thoHC  of  women  or  children  by  their  depth,  owe  their 
character  to  the  greater  dimensions  of  the  larynx  and  the  opening 
of  the  glottis.  The  rapid  development  of  this  organ  in  young 
people,  towards  the  age  of  pul)erty,  is  the  cause  of  the  trensforma- 
tion  which  we  observe  in  their  voices. 
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IITE  are  about  to  enter  a  fairy-like,  enchanted  world,  a  world  of 
^^  wondei-8,  where  rubies,  sapphires,  topazes,  and  all  kinds  of 
precious  stones  send  forth  their  fires  ;  where  every  object  is  of  incom- 
parable beauty  and  splendour;  in  a  word,  into  the  world  of  light 
and  colour. 

Thus,  the  cycle  of  the  phenomena  of  nature  gradually  passes  in 
review  before  us.  After  having  studied  the  physical  forces,  more 
particularly  in  their  mechanical  action,  this  action  being  so  general 
and  so  constant  that  it  appears  to  give  us  more  the  idea  of  matter,  we 
have  now  to  notice  a  series  of  phenomena  moi-e  variable  and  more 
directly  connected  with  the  movements  of  organized  beings,  the  prin- 
ciple of  which  is  a  condition  of  life — the  phenomena  of  light  and  heat. 

It  is  difficult  if  not  impossible  to  have  a  clear  idea  of  the  nature  of 
the  phenomena  of  light  on  the  surface  of  the  various  celestial  bodies 
which  people  space.  But,  on  the  earth,  what  variety  and  magnificence 
we  witness  during  the  day  and  the  night !  If  the  eye  of  man  cannot 
look  at  the  dazzling  star  wlien  it  shines  in  all  its  brilliancy  in  a  cloud- 
less sky — if  even  the  j^ortion  of  the  sky  surrounding  the  solar  disc 
hurts  the  sight — the  whole  country,  on  the  other  hand,  is  resplendent, 
and  sends  us  back  the  rays  which  inundate  it.  Moreover,  thanks  to 
this  double  journey  of  the  rays  of  light,  from  the  sun  to  the  terrestrial 
objects  and  from  them  to  us,  a  wonderful  transformation  is  effected. 
The  source  of  all  this  emits  but  one  tone,  one  colour,  while  a  multi- 
tude of  shades  and  various  colours  are  sent  back  to  us  by  the  objects 
seen.  This  metamorphosis  is  so  familiar  that  we  do  not  even  susj^ect 
it :  each  body  appears  to  us  to  possess  in  itself  a  colour  of  its  own,  and 
the  presence  of  a  luminous  source,  whatever  it  njay  be,  at  first  ai)pears 
to  have  no  other  iuHuence  than  to  render  it  peixieptible. 
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The  variable  nature  of  atmospheric  conditions  also  adds  to  the 
beauty  of  the  spectacle  by  the  continual  changes  which  it  brings  to 
the  thousand  shades  of  light  and  colour.   During  the  night  the  spectacle 
is  different:  it  is  a  softer  light  which  slowly  succeeds  the   diurnal 
illumination ;  but  the  charm  thus  becomes  even  more  grateful.     The 
light  of  the  moon  at  its  different  phases,  the  millions  of  stellar  fires 
which  sprinkle  the  dark  azure  of  the  starry  vault,  the  misty  veil 
with  which  the  landscape  is  enveloped,  multiply,  with  the  glimmer  of 
twilight  and  the  aurora,  th^  various  beauties  of  the  scene.     Light  and 
colours  ! .  .  .  .  For  the  artist  there  is  such  a  powerful  magic  in  these 
words,  that  often,  being  smitten  with  passion  for  them  alone,  he  sees 
nought  else,  and  considers  them  as  alone  the  objects  of  art.     But  he 
has  no  need  to  visit  museums  to  enjoy  these  beautiful  things :  the 
Rembrandts,  Lorrains,  and  Veronese  have  drawn  their  inspiration  from 
the  country.     Rich  jewel-cases  do  not  help  us  to  admire  the  wonders 
of  light.     He  who  knows  how  to  observe  can,  without  even  changing 
his  place,  see  them  displayed  around  him :  a  ray  of  sunlight  which 
penetrates  into  his  room  and  passes  through  a  glass  of  water,  the 
morning  or  evening  horizon,  dewdrops  which  shine  suspended  like 
diamonds  or  pearls  on  the  leaves  of  trees,  the  rainbow  colours  of  a 
liquid   bubble,  and  a  thousand  other  phenomena  which  are  con- 
tinually  following    and  modifying  each   other, — surely  this  is   an 
inexhaustible    source    of  pictures  for  an  artist,  a  subject  full  of 
studies  for  the  savant ! 

Light  gives  us  all  this :  day  and  night,  dazzling  illumination  and 
feeble  glimmers  which  traverse  the  profound  darkness,  decided  colours 
and  innumerable  shades,  oppositions  and  transitions,  similitudes  and 
contrasts,  and  always  harmony.  Is  it  then  astonishing  that  primitive 
races,  in  their  simple  ignorance,  reserved  their  adorations,  through 
admiration  and  gratitude,  for  the  source  whence  came  both  light  and 
heat  ?  This  was  in  their  minds  the  beneficent  and  fruitful  sovereign, 
the  true  God  of  the  universa  Modem  science,  less  respectful  but 
more  intelligent,  placed  face  to  face  with  physical  agents,  has  tried  to 
solve  the  secrets  of  the  phenomena  of  light,  and  has  succeeded,  with 
the  help  of  a  delicate  and  profound  analysis,  in  discovering  the 
principal  laws.  The  result  of  these  l^eautiful  researches  will  now  l)e 
the  object  of  our  exposition. 

Let  n.s  fii-st  consider  the  principal  .sources  of  light. 
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CHAPTER  1. 

SOURCES   OF  LIGHT  OX  THE  SURFACE  OF  THE  EARTH. 

Sources  of  cosmical  light :  the  bud,  planets,  and  stars. — Terrestrial,  natural,  and 
artificial  luminous  sources. — Lightning ;  Polar  aurora? ;  electric  li^t ;  volcanic 
fires  ;  light  obtained  by  combustion. 

T  I6HT  sources  may  be  divided  into  two  classes,  according  to  their 
-*^  origin :  the  first,  the  cosmical,  are  exterior  to  the  earth ;  the  second 
exist  on  our  planet  or  in  its  atmospheric  envelope.  The  Sun  must 
be  placed  first  among  the  cosmical  sources  of  light.  It  is  the  most 
powerful  source  of  all  to  us.  The  mean  brightness  of  its  light  is, 
according  to  Wollaston,  800,000  times  greater  than  that  of  the  full 
moon ;  and  as  the  brightest  star  in  the  sky,  Sirius,  does  not  give  much 
more  than  the  7,000th  part  of  the  Moon  light,  it  follows  that  it 
would  require  at  least  five  thousand  six  hundred  millions  of  similar 
stars  to  illuminate  the  earth  to  an  equal  extent  to  that  of  the  Sun. 
It  is  well  known  that  the  movements  of  rotation  and  translation  of 
our  planet  are  of  such  a  nature  that  the  light  of  the  Sun  is  periodically 
distributed  over  each  part  of  its  surface.  The  light  is  variable 
according  to  the  season  and  hour  of  the  day,  the  greater  or  less 
elevation  of  the  solar  disc  above  the  horizon  having  much  to  do 
with  its  apparent  luminous  intensity;  but  the  interposition  of  the 
vaporous  masses  which  constitute  clouds,  mists,  and  fogs,  tends  also 
considembly  to  enfeeble  it. 

The  solar  light  reaches  us  some  time  after  the  Sun  has  sunk  below 
the  horizon.  The  upper  strata  of  the  air  remain  directly  illuminated 
when  the  Sun  has  ceased  to  light  up  the  place  of  observation  and  the 
lower  strata ;  and  this  is  the  cause  of  twilight,  the  length  of  which  is 
prolonged  by  a  phenomenon  which  we  shall  soon  study  under  the 
name  of  "refraction  of  light." 
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Among  those  lights  which  are  of  celestial  origin,  there  are  some 
which  are  not  direct  luminous  sources :  the  Moon,  for  example,  which 
makes  our  nights  so  bright,  receives  her  light  from  the  Sun  before 
i-eilecting  it  to  us.  This  is  also  tlie  case  with  planets  and  their 
satellites. 

The  sources  of  light  which  have  their  origin  on  our  planet  may  be 
divided  into  natural  and  artificial  lights.  Lightning  in  storms,  fire 
produced  by  volcanic  eruption,  polar  auror»,  so  frequent  in  northern 
and  southern  regions,  together  with  shooting  stars  and  bolides,  and 
perhaps  the  zodiacal  light,  must  be  ranked  with  the  first.  We  may 
also  add  those  lights  which  are  developed  in  certain  organized  beings, 
the  phosphorescence  of  certain  insects,  the  marine  infusoria  known 
as  the  Noctilucce,  some  being  vegetable  and  some  mineral 

We  all  know  that  light  can  be  procured  artificially  by  combustion, 
which  is  nothing  more  than  chemical  combination  accompanied  by  the 
disengagement  of  light  and  heat.  Electricity  is  also  a  source  of  light ; 
and  science,  as  we  shall  presently  learn,  has  succeeded  in  utilizing  its 
powerful  light,  the  intensity  of  which  is  so  great  that  it  can  only  be 
compared  to  the  dazzling  brightness  of  the  Sun  itself. 
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CHAPTER   II. 

THE   PROPAGATION   OP  LIGHT   IN  HOMOGENEOUS   MEDIA. 

Light  is  propagated  in  vacuo, — ^Transparent,  solid,  liquid,  and  gaseous  bodies; 
transparency  of  the  air.— Translucid  bodies. — Light  is  propagated  in  a  right 
line  in  homogeneous  media  ;  rays,  luminous  pencils,  and  bundles  of  rays. — Cone 
of  shadow,  broad  shadow,  cone  of  penumbra. — The  camera  obscura. — Light  is  not 
propagated  instantaneously. — Measure  of  the  velocity  of  light  by  the  eclipse  of 
Jupiter's  satellites. — Methods  of  MM.  Fizeau  and  Foucault. 

T  IGHT  is  propagated  either  in  vacuOy  or  within  certain  solid,  liquid, 
■^  or  gaseous  media.  Wlien  we  speak  of  vacuo,  we  mean,  with  philo- 
sophers, not  an  absolute  vacuum,  but  a  space  entirely  deprived  of  all 
tangible  substance,  as  the  interplanetary  space  probably  is,  or  the 
space  above  the  mercury  in  a  barometer,  and  vessels  exhausted  by  an 
air-pump.  The  light  which  reaches  us  from  the  Sun  and  stars,  and 
that  which  passes  through  the  exhausted  receiver  of  our  laboratory', 
prove  that  light,  unlike  soimd,  does  not  require  a  ponderable  medium 
for  its  propagation.  As  regards  the  passage  of  light  through  the  air 
and  different  gases,  through  water  and  a  great  many  other  liquids,  and 
lastly,  through  solids  like  glass,  special  experiments  are  not  required 
to  prove  this. 

We  also  know  that  luminous  bodies  are  not  the  only  ones  which 
produce  in  us  the  sensation  of  light ;  but  they  serve  to  light  others 
and  to  render  them  visible.  Bodies  thus  illuminated  then  become 
secondary  luminous  sources,  whence  li^ht  emanates,  to  be  propagated, 
through  the  media  of  which  we  have  just  spoken,  as  direct  light. 
Bodies  may,  then,  be  arranged,  as  regards  their  property  to  emit, 
receive,  or  allow  light  to  pass  through  them,  into  different  classes : 
viz.,  as  self-luminous  bodies,  non-luminous  transparent,  and  non- 
luminous  opaque  bodies. 
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thin  layer  of  oil,  its  translucency  is  increased,  and  may  even  be 
changed  into  transparency  if  the  paper  is  sufficiently  thin. 

Even  substances  which  are  believed  to  be  absolutely  opaque  allow  a 
certain  quantity  of  light  to  pass  through  them  when  they  are  cut  into 
very  thin  plates.  Stones,  wood,  metal,  and  many  other  substances  are 
opaque.  Nevertheless,  if  we  place  between  the  eye  and  a  luminous 
source  a  sheet  of  gold  leaf,  for  instance — ^gold-beaters  obtain  it  so  thin 
that  10,000  put  together  have  not  the  thickness  of  a  millimetre — we 
see  a  beautiful  green  colour,  which  proves  the  transmission  of  light,  not 
through  holes  produced  during  the  beating,  but  through  the  very  sub- 
stance of  the  metal  itself.  The  extreme  smallness  of  the  objects  of 
which  microscopists  examine  the  internal  structure — ^infusoria,  micro- 
phytes, &c.— doubtless  explains-  their  transparency. 

When  the  light  emitted  by  a  luminous  source  or  an  illuminated  body 
reaches  the  eye,  it  can  only  do  so  by  passing  through  diaphanous  or 
translucent  media.  Let  us  inquire  what  is  the  course  of  its  pro- 
pagation, and  what  effect  is  produced  if  it  meets  in  its  path  with 
bodies  of  greater  or  less  opacity  ?  Such  are  the  simplest  problems  of 
which  philosophers  have  demanded  a  solution  by  experiment  in  study- 
ing the  phenomena  which  are  manifested  imder  these  circumstances. 

The  most  simple  case  is  that  in  which  light  traverses  a  perfectly 
transparent  homogeneous  medium ;  that  is,  having  the  same  density 
and  composition  throughout,  and  reaches  the  eye  in  a  direct  manner. 
Experiment  proves  that  it  is  propagated  in  a  right  line.  Between  the 
ilame  of  a  candle  and  the  eye,  let  us  interpose  a  series  of  opaque 
screens,  each  pierced  with  a  little  hole :  in  order  to  see  the  light,  it  is 
obvious  that  the  holes  of  all  the  screens  must  be  in  a  straight  line. 
Daylight  cannot  be  seen  through  a  long  tube  if  this  tube  is  not  recti- 
linear, or  at  least  if  its  curvature  is  too  much  to  allow  a  straight  line  to 
pass  through  it  without  touching  the  sides.  Shut  yourself  in  a  per- 
fectly close  and  dark  room,  and  admit  the  light  of  the  sun  by  a  little 
hole  made  in  the  shutter.  Almost  immediately  you  will  see  a  lumi- 
nous cone  which  marks  the  passage  of  the  light  through  the  air,  and 
you  will  easily  prove  that  the  outlines  of  this  cone  are  perfectly  recti- 
linear. In  this  case,  it  is  not  the  air  itseK  that  we  see,  but  the 
particles  of  dust  suspended  in  the  air  made  visible  by  illumination 
on  the  dark  ground  of  the  room. 

Tlie  propagation  of  light  in  a  straight  line  can  also  be  proved  when 
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the  sun,  hidden  by  sd  accumulation  of  clouds,  emits  its  raya  between 
their  opeuiiigd.     We  then  see  projected  into  the  atmosphere,  long  rays 


more  or  less  luminous,  which  visibly  proceed  in  a  right  line.  ^Bi  |fe 
Hhall  presently  see  that  as  the  atmosphere  is  compoBed  (rf  ibNtfe  of 


variable  densities,  the  light  which  successively  passes  through  these 
strata  no  longer  moves  in  a  right  line.     On  the  surface  even  of  tht 
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enrth,  in  onler  tliiit  this  nioveiiieiit  W  exactly  in  a  Htraif,'lit  liiip,  tlit; 
transi)areiit  nitHliuni  must  be  perfectly  homogeneous,  whether  this 
medium  be  air,  or  gaa,  water,  ghisa,  &c. 

Let  us  now  explain  what  philosophers  mean  by  the  terms  ray, 
beam,  and  pencil  of  rays. 

light  emanates  or  radiates  from  luminous  bodies  in  every  direction ; 
and  is  propagated  in  a  right  line,  as  we  have  just  seen,  in  homogeneous 
media.  A  lominous  ray  is  a  series  of  poiuts,  regarded  simultaneously 
or  successively,  of  which  one  of  the  lines  followed  by  the  light  is 
composed;  a  pencil  is  a  collection  of  small  rays  starting  from  the 
same  source,  and  a  beam  or  bundle  of  rays  is  the  union  of  many 
parallel  rays.     Luminous  pencils  are  cuues  having  their  summits  at 


the  source  of  light.  But  when  the  luminous  source  is  very  distant,  as 
in  the  cose  of  the  sun  and  stars,  the  rays  coming,'  from  the  same  point 
of  the  source  have  such  a  slight  divergence  that  thoy  may  be  con- 
sidered parallel,  and  wc  have  a  beam. 

If  there  were  in  nature  nothing  but  self-lunniiou.s  boilies  and  meiliii 
of  absolute  transparency,  we  should  only  see  the  first  Not  only  is 
the  transparency  of  the  various  media  imperfect,  but  a  multitude  of 
bodies  interfere  with  the  pa88!^:e  of  light,  scatter  it  in  all  diiections, 
and  become  illuminated  or,  in  other  words,  visible.  From  tliis  result 
half-tones  and  shadows. 
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Wlien  an  optique  spliericnl  Ixxly  is  in  the  presence  of  a  luminous 
wint  and  at  a  certain  distance  from  it,  one  part  of  the  body,  that 
towards  the  light,  is  illuminated,  tlie  other  does  not  receive  light. 
It  is  in  shadow.  Moreover  those  portions  of  space  situated  beyond 
the  dark  surface  of  the  body  receive  no  light,  aa  we  can  eatiily  prove 
by  placing  a  screen  behind  the  body  and  observing  the  shadow  thrown 
on  the  screen.  The  luminoua  point  is,  in  this  case,  the  summit  of  a 
cone  tangent  to  the  outlines  of  the  opaque  body,  a  luminous  cone 
in  its  fore  part  and  dark  in  its  prolongation,  which  is  called  the  cone 
of  Bhadow.  lu  this  case,  which  is  never  perfectly  realized,  the  portion 
nf  the  opaque  body  not  illuminated  is  totally  invisible  (Fig.  152),  and 
the  separating  line  of  the  shadow  and  the  light  is  exactly  msiked. 

\Vhea  the  source  of  light  is  a  luminous  body  of  finite  dimensions, 
the  case  i»  otherwise.    Fig.  15:)  clearly  shows  that  tfie  surface  of  a 


body  lighted  up  is  divided  into  three  parts :  one  of  which  is  lighted  up 
at  the  same  time  by  the  whole  of  tlie  luminons  Buifooe;  another 
which  receives  no  light;  and  a  third,  intermediate  between  the  others, 
which  receives  only  a  fraction  of  the  total  light,  and  which  constitutes 
what  is  called  the  penumbra.  The  space  situated  behind  the  opaque 
body,  opposite  the  luminous  source,  is  likewise  divided  into  an  absolute 
cone  of  shadow,  and  a  coue  enveloping  the  first  which  is  the  cone  of 
the  penumbra.  Beyniid  this  double  cone,  the  space  is  entirely  illumi- 
nated. If  the  luminous  body  is  greater  than  the  opaque  one,  the  cone 
of  shadow  is  limited ;  it  is  cylindrical,  if  the  two  bodies  are  equal ;  and 
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lastly,  we  see  a  divergent  cone,  if  the  o[)aqiiu  hotly  is  larger  than  the 
iUuminating  one   (Fig  I'll) 

The  penumbra  gives  to  the  outlines  of  illuminated  round  bo<lies 
tliat  half  tint  whicli  renders  the  contrast  between  lights  and  sliades  less 
decided  and  softer  As  the  cone  of  the  j^nnnibra  contimies  to  widen 
more  and  more  it  follows  that  the  full  shadows  cast  by  an  illuminated 
opaqne  body  are  paler  and  less  clear  as  its  distance  from  the  screen 


is  greater,  as  every  one  can  prove  for  himself.  The  perforateit  mnh 
which  are  given  as  playthings  to  children  are  an  application  of  the 
effect  of  the  half-light  produced  by  penumbne.  When  the  card 
is  very  near  the  wall  or  screen  on  which  the  shadow  is  thrown,  this 
shadow  is  well  defined,  and  the  effect  which  the  artist  desired  to  pro- 
dnce  is  not  obtained  ;  nt  a  proper  distance,  the  penumbra,  spread  oi^t 
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to  a  grt'iitcr  extent,  prodiiees  the  wished-for  effect  (Fig.  154):  again,  if 
this  distance  is  too  great,  the  iniage  becomes  confused. 

The  propagation  of  light  in  a  right  line  explains  the  phenomena 
observed  in  a  dark  room.  Shut  yourself  up  in  a  room,  the  window  of 
which  is  completely  closed,  a  very  email  hole  being  made  in  a  thin 
part  of  the  shutter,  and  let  it  be  by  this  hole  alone  that  the  rays  of  a 
luminous  UmIv — the  sun,  for  instance — are  able  to  penetrate  into 
the  room.  Then  place  a  white  screen  at  a  certain  distance  from 
the  ojiening,  you  will  see  a  luminous  spot  of  circular  or  elliptical 
fiirm,  whicli  becomes  larger  as  the  distance  from  tie  Bcreen  to  the 
opening  is  increased  (Fig.  150).     It  is  the  image  of  the  vm. 

If  instead  of  the  soUr  light  we  permit  that  of  a  candle  to  eater  the 
(Ini'k  room,  we  see  reproduced  on  the  screen  the  image  of  the  candle 


mid  its  flame,  inverted.  The  reason  of  this  iuvereion  is  very  siuijile. 
The  rays  which  leave  the  upper  extremity  of  the  flame  pa^s  through 
the  hole,  continue  tlieir  jmssage  in  a  right  line  in  the  dark  room,  and 
paint  a  luminous  point  at  the  lower  ]>ai-t  of  the  screen.  Those  which 
proce(Hl,  on  the  other  hand,  from  tlie  I»a.se  of  the  flume,  form  tlieir 
image  at  a  higher  point.     The  image  thercfure  is  naturally  reversed. 


ML] 
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and  the  above  explains  both  why  this  imnge  exists,  and  why  it  has 
this  particular  arraugement  A  card  pierced  by  means  of  a  needle 
gives  the  reversed  image  of  a  candle  as  shown  iu  Fig.  155. 

The  form  of  the  opening  is  also  immaterial :  round,  stjuare,  or 
triangular,  it  always  gives  the  image  of  the  light-source  with  ita 
exact  form.  Let  us  suppose  the  opening  to  be  of  triangular  form;  and 
allow  the  rays  of  the  sun  to  penetrate  it,  receiving  them  on  a  screen 


placed  normally  to  their  direction.  Each  point  of  the  disc  will  give 
a  pencil  of  light  which,  penetrating  through  the  hole,  will  mark  out 
on  the  screen  a  section  of  like  form  to  the  opening,  that  is,  triangular. 
All  these  elements  will  be  superposed ;  and  as  there  is  no  part  of 

the  shape  of  the  disc  which  is  not  given,  it  f()llnws  that  the  form 
of  the  image  will  be  ciivular,  like  thai  of  the  sun. 
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This  explains  wliy,  in  the  sliadow  projected  by  a  tree,  the  light 
which  penetrates  the  iuterstices  between  the  leaves  always  has  a 
cii-cular  or  elliptical  form,  according  as  the  rays  fall  on  the  ground 
]ierpendicularly  or  obliquely  (Fig.  156).  During  eclipses  of  the  sun, 
it  has  been  observed  that  these  images  of  the  luminary  take  the  form 
of  a  himinoua  crescent,  much  more  carved  than  the  solar  disc  itself. 

If  the  shutter  of  the  dark  room  is  opposite  a  landscape  illuminated 
by  the  sun,  or  even  by  the  diffused  liglit  given  by  a  clear  sky,  each 


RevenKd  Un*g»  of  ■  lanilKn|« 


object  will  paint  its  reversed  image  on  tlie  screen,  and  a  faithful 
reproduction  of  the  landscai^e  will  be  seen  (Fig.  157).  If  the  screen  is 
peifcctly  white,  all  the  colours  atnl  their  shades  will  be  admirably 
reproduced ;  hut  the  image  will  l>e  clearer  in  proportion  as  the 
opening  is  smaller  and  the  landscape  more  distant. 

liy  saying  that  light  is  propagated,  we  admit  implicitly  that  it  is  not 
transmitted  instantaneously  from  one  object  to  another;  tliat  it  takes 
a  certain  time  to  traverse  the  distjince  which  separates  the  luminous 
object  from  the  eye  which  it  enters,  or  from  the  object  which 
it   illuminates.     Tliis  truth   had  liecn   suspected  for  some   time  by 
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pliilosopliers  and  savants,  but  the  demonstration  of  it  was  only  fur- 
nished about  two  centuries  ago.  The  velocity  of  light  is  so  great 
that  it  appeared  at  first  infinite,  at  least  for  distances  which  could 
be  measured  on  the  surface  of  the  earth.  In  one  second,  light  passes 
through  a  space  of  not  less  than  300,000  kilometres  or  186,000  miles 
It  does  not  take  more  than  a  second  to  come  from  the  moon  (approxi- 
mately) ;  but  it  takes  8  minutes  13  seconds  to  come  from  the  sun :  a 
very  rapid  voyage,  nevertheless,  when  we  liear  in  mind  that  a  cannon- 
ball  wouM  take  nearly  twelve  years  to  accomplish  it,  supposing  that  it 
preserved  a  uniform  velocity  of  500  metises  per  second.  Again,  the 
velocity  of  light  is  900,000  times  greater  than  that  of  sound  through 
air  at  O^'C,  and  it  moves  10,000  times  faster  than  our  planet  in 
its  orbit. 

How,  then,  have  physicists  succeeded  in  measuring  such  a  rapid 
movement?    We  will  endeavour  to  explain. 

Let  us  imagine  that  a  flash  of  light — for  example,  the  ignition 
of  a  heap  of  gunpowder — is  produced  periodically  at  perfectly  equal 
intervals  of  time,  say  every  10  minutes.  Whatever  may  be  the 
distance  of  the  observer  from  the  place  where  the  ]»henomeiiou 
takes  place,  it  is  evident  that,  from  the  lir^t  exphjsion,  all  the  others  ^ 
vill  appear  to  succeed  each  other  at  succc^ssive  intervals  of  ten 
minutes,  whether  the  velocity  of  light  be  hinall,  cousideruble,  or 
infinite,  provided  that  the  observer  remains  at  a  fixed  distance  from 
the  point  where  the  explosion  occurs. 

But  if,  from  the  instant  of  the  first  explobion,  the  observer  goes 
further  away,  it  is  clear  that  he  will  perceive  a  delay  at  each  of  tlie 
following  explosions,  a  delay  which  will  go  on  increasing  and  will  be 
due  to  the  time  that  tlie  light  takes  to  traverse  the  iiicreuse  of  distance  ; 
for  instance,  at  the  twelfth  explosion,  if  he  is  20  kilometres  further  otl" 
and  the  delay  noticed  is  two  seconds,  must  he  not  conclude  that  light 
travels  10  kilometres  per  second  ?  The  same  inference  may  be  drawn 
from  an  analogous  experiment ;  if,  for  exami)le,  instead  of  a  luminous 
flash,  it  was  the  periodical  disappeamnce  of  a  light  which  was 
observed. 

Now  a  phenomenon  ot  this  latter  kind  takes  place  in  the  heavens. 
The  i)lanet  Jupiter  is  accompanied  in  its  movement  of  translation 
round  the  sun  by  four  satellites  which  revolve  round  it  in  regular 
periods.    The  planes  in  which  the  movements  of  these  little  bi)dies  take 
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]))ace  coincide,  \ety  nearly,  witli  the  plaue  of  Jupiter'a  orbit  Now, 
Jupiter,  being  opsque,  projects  behind  it,  that  is  to  say,  in  the  direction 
from  the  Sun,  a  cone  of  shadow,  the  axis  of  which  is  in  the  plane  of  its 
orbit.     It  therefore  follows  that,  in  their  successive  revolutions  round 
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the  central  planet,  the, satellites  traverse  this  cone  at  the  period  of 
theii  opposition.  During  the  time  of  their  passage  througli  the 
shadow,  the  light  which  these  hodies  n^ceive  from  the  Sun  is  inter- 
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cepted ;  in  a  word,  they  are  eclipsed.  The  eclipses  of  Jupiter's 
satellites  are  very  fi'equent,  especially  of  those  which  are  nearest  the 
planet ;  and,  from  the  earth,  it  is  easy  to  observe  their  emersions  and 
immersions  by  using  a  telescope  of  medium  power.  When  the  satel- 
lite drawn  by  its  movement  of  revolution  round  the  planet  has  just 
penetrated  the  cone  of  shadow,  its  light  is  extinguished:  this  is 
the  inmiersion.  It  continues  its  course  in  the  shadow  until  the 
moment  when,  coming  out  of  the  cone,  its  light  reappears :  this  is 
the  emersion.  These  two  phenomena  are  not  visible  from  the  earth 
during  the  same  eclipse,  in  the  case  of  the  two  satellites  nearest  to 
Jupiter,  because  these  satellites  are  hidden  by  the  opaque  body  of  the 
planet,  sometimes  at  the  moment  of  their  immersion  and  sometimes 
at  that  of  their  emersion.  Moreover,  they  cannot  be  observed  in 
any  way  at  the  period  of  conjunction  or  opposition,  the  cone  of 
sliadow  being  entirely  hidden  by  the  disc  of  the  planet,  as  is  easily 
explained  by  Figure  158.  It  is  also  easy  to  see  why  the  immersions 
are  visible  to  us  from  the  period  of  conjunction  to  the  following 
opposition,  whilst  the  emersions,  on  the  contrary,  are  visible  from 
opposition  to  conjunction. 

Jupiter  moves  in  the  same  direction  as  the  earth,  but  much  more 
slowly  in  his  orbit.  When  the  earth  is  at  T  and  Jupiter  is  at  J  on  the 
prolongation  of  the  radius  vector  t  s,  this  is  the  period  of  conjunction. 
From  this  instant,  the  earth  describing  a  certain  arc  on  its  orbit,  and 
Jupiter  an  arc  of  less  amplitude  on  his,  the  observer  finds  himself 
carried  to  the  right  of  Jupiter's  cone  of  shadow,  and  from  that  time 
he  can  see  the  immersions  of  the  satellites.  The  same  circumstances 
take  place  until  the  time  when,  the  earth  being  at  t',  Jupiter  is  at  j', 
also  on  the  prolongation  of  the  radius,  but  away  from  the  sun;  that 
is  to  say,  until  the  opposition.  Then,  by  the  fact  of  the  simultaneous 
movements  of  the  earth  and  Jupiter,  the  first  of  these  planets  is  car- 
ried to  the  left  of  the  cone  of  shade  projected  by  the  second,  and  the 
emersions  of  the  satellites  are  visible  until  the  new  conjunction  t",  j". 

These  preliminaries  being  understood,  we  can  easily  explain  liovv 
astronomers  are  able  to  deduce  the  velocity  of  light  from  observation 
of  the  eclipses  of  which  we  have  just  spoken. 

Let  us  take,  for  instance,  the  first  satellite  of  Jupiter,  that  is  to  say 
the  one  nearest  the  planet.  Its  movement  of  revolution  is  known  witli 
such  precision  that  it    is  possible  to  calculate  the  intor>'als  of  its 
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eclipses  with  the  greatest  accuracy,  or  rather  the  intervals  which 
sepai-ate  either  two  consecutive  immersions  or  two  emersions.  Now, 
observation  proves  that  the  duration  of  these  intervals  is  not  con- 
stant ;  that  they  appear  to  be  shortened  in  proportion  as  the  earth  gets 
nearer  to  Jupiter,  and  on  the  other  hand  to  be  increased  as  it  passes 
further  away,  whilst  they  are  perceptibly  equal  at  the  two  periods 
when  tlie  distance  from  the  earth  to  Jupiter  varies  but  little,  that  is  to 
say  at  conjunction  and  opposition.  If  then  we  calculate  the  period 
of  a  future  immei*sion  according  to  the  mean  duration  of  the  intervals 
separating  two  successive  immerdions,  and  compare  the  result  of 
the  calculation  with  that  given  by  observation,  it  will  be  found  that 
the  phenomenon  appears  to  be  delayed  when  the  earth  is  distant  from 
Jupiter,  and  to  advance,  on  the  contrary,  when  it  is  near  to  it.  More- 
over, the  delay  or  advance  is  always  in  exact  pro|K>rti(m  to  the 
increase  or  decrease  in  the  distance  between  the  two  planets. 

It  is  no  longer  doubtful  that  the  difference  between. the  neidt 
of  calculation  and  obser\'ation  is  really  due  to  the  time  wbicli  die 
light  takes  to  traverse  the  unequal  distances  which  we  liaye  j«|t 
mentioned.  From  conjunction  to  opposition  or  from  nppniition  ji 
conjunction,  it  has  been  found  that  the  successive  accumulatioiis  of 
thesi.*  ditf'ereuces  produce  a  total  advance  or  delay  of  about  16  miuutas 
30  seconds.  Now,  the  distances  T  J,  t"  j"  exceed  the  distanoe  t'  j'  by 
an  amount  of  space  which  is  precisely  the  diameter  of  the  terreifoial 
orbit.  It  requires,  then,  16  minutes  30  seconds  for  light  to  travel  across 
this  interval,  or  in  other  w^ords,  8  minutes  15  seconds  for  the  half, 
which  is  ihe  distance  from  the  Sun  to  the  Earth;  nearly  equal  to 
146,000,000  kilometres  (91,000,000  miles). 

This  gives,  as  we  have  before  said,  a  velocity  of  300,000  kilo- 
metres, or  of  186,000  miles  per  second. 

The  discovery  of  the  vehxiity  of  light  by  the  eclipses  of  Jupiter's 
satellites  is  due  to  Iloemer,  a  Danish  astronomer,  who  explained  it  in 
a  memoir  presented  to  the  Academie  des  Sciences  in  1675.  Since 
the  time  of  l»oemer,  the  discovery  of  aberration  by  Bradley  at  once 
confirmed  both  the  moment  of  translation  of  the  earth,  and  the  suc- 
cessive jjropagation  of  light  in  space.  We  see  that  the  exactness  of 
the  number  which  measures  the  velocity  of  liv^ht  depends  here  on  the 
knowledge  of  the  Sun's  distance.  The  same  thing  hapj)ens  when  this 
velocity  is  deduced  from  aberration.     But  in  the  first  case,  it  is  the 
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velocity  in  the  vacuum  of  celestial  space ;  whilst  in  the  second  case,  it 
is  that  of  light  passing  through  the  air.  The  two  methods  have  given 
nearly  the  same  results. 

Lastly,  during  the  last  few  years,  two  mvants,  MM.  Fizeau  and 
Foucault,  have  succeeded  in  directly  measuring  the  velocity  of  light, 
by  purely  physical  mp.Rns.  The  following  are  the  main  points  of  the 
method  devised  by  M.  Fizeau. 

By  means  of  an  instrument  represented  in  Fig.  159  he  sent  a  pencil 
of  luminous  rays  from  a  lamp,  from  Suresnea — where  he  was  stationed 
— to  Montmaitre,  where  a  mirror  was  placed,  reflecting  the  light  back 
again  exactly  to  the  point  of  departure.     The  light  of  the  lamp  at  first 


t)ie  vrlucll;  of  light. 


fell,  after  liaviug  traversed  «  systtini  of  two  leiisea,  cm  a  mirror  M, 
formed  of  a  piece  of  unsilvered  fjl.iss,  inclined  at  4.^°  in  the  direction 
of  the  luitunous  iuy.s.  Fn»m  this  it  was  reflected  at  a  right  angle, 
and,  after  its  passage  througli  the  object-glass  of  a  telescope  which 
made  the  rays  of  light  parallel,  it  passed  through  the  distance  which 
separat^'d  the  two  stations.  Having  arrived  at  Montmartre,  the 
parallel  bundle  of  rays  traversed  the  second  object-glass  and  con- 
centrated itself  on  a  mirror  which  sent  it  hiick,  following  the  same 
route,  to  the  first  inclined  mirror.  There  the  reflected  pencil  passing 
tliTOUgh  the  unsilvered  glass,  could  be  examined  by  the  oliserver 
by  means  of  an  e}e-piece.  By  this  airangenient,  M.  Fizeau  was 
able  to  observe  at  Siiresncs  the  image  of  the  li;iht  placed  near  him, 
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ttftor  the  mye  hail  made  the  double  journey  which  separates  Suresnes 
from  MouttnartTe. 

Tlio  ([iiootiou  was,  to  detenniiie  the  time  which  light  took  to 
tmvorso  tliis  distance.  lu  onler  to  ascertain  this,  M.  Fizeau  placed 
in  the  jiath  of  the  ntys  a  little  in  front  of  the  minor  M  and  at  the 
|K>iut  where  the  rays,  which  emanated  from  the  lamp,  were  brought  to 
riK'UH,  thv  ttHith  of  A  wlieid  K,  to  which  a  clock-work  racclianiaiii  gave 
II  wvj  rapid  nnd  unifonii  movement. 

Kvcry  tiiiu<  that  the  iiioveinent  of  the  wheel  brought  a  tooth  in  the 
jHith  of  tht>  iH'iicil  of  li^ht,  this  tooth  ser^-ed  as  a  screen,  the  light  was 
Jiitoiveptitd;  whilst  it  freely  pussud  through  the  space  which  separateil 
Olio  tiHtth  fWnu  lutotluT.    It  was  vxaotly  as  if  a  screen  were  alternately 


pltictHl  bt'foro  and  removed  fmiu  iln'  jviLlh  of  the  light.  Let  us  suppose 
that.  !)t  the  ironiiiicnceiuent  of  mtatioa  the  wheel,  at  present  at 
n>^t.  preiteiitMl  <nw.  of  its  openings  to  the  jMissage  of  the  light:  the 
iiua-^  rt'flL'cU.-'l  frotn  the  luminous  |>oint  is  se^n  clearly  by  the 
ol)Si>i'vei'.  If  now  Lhi:  wheel  is  turuoi  but  with  $uch  a  velocity  that 
each  tooth  n^|iiii'c-B  to  tHkc  the  place  of  the  space  which  precedes  it  a 
longer  time  than  that  re<iuired  by  the  light  to  go  to  Montmartre  and 
H'tuvn  to  SureuiicH, — what  will  happen  \  The  luminous  ray  at  its 
ret<irn  will  obvioiwly  again  find  free  passage  through  the  very  space 
which  it  traversed  at  the  moment  of  doiMrture :  the  luminoua  point  will 
Ih)  visible ;  but,  in  pioportion  as  the  velocity  of  rotation  increases,  the 
intensity  of  tlie  light  will  diminish,  because  of  all  the  luminoua  rays 
wliich  pass  through  each  of  the  inter\'al8,  there  is  an  increasing  number 
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which,  on  their  return,  wDl  find  the  passage  closed.  If,  at  last,  tlie 
velocity  of  the  wheel  is  such  that  the  time  taken  by  one  tooth  to  take 
the  place  of  the  space  which  precedes  it,  is  precisely  equal  to  that 
which  the  light  takes  to  traverse  the  double  distance  between  the  two 
stations,  there  is  not  a  single  luminous  ray  passing  througl)  the  wheel 
at  leaving,  which  does  not,  on  its  return,  find  the  passage  closed ;  there 
will  be  a  continual  eclipse  of  the  luminous  point,  as  lopg  as  the 
velocity  of  which  we  speak  remains  the  same. 

This  is  sufBcient  for  the  purpose  because  an  index  fitted  to  the  wheel 
indicates  the  number  of  revolutions  which  it  makes  per  second ;  and 
the  number  of  teeth  and  of  spaces  is  known :  the  time  which  a  tooth 
rec^uires  to  take  the  place  of  a  space  is  then  known,  and  it'will  be  seen 
that  it  is  exactly  ec^ual  to  that  which  the  light  takes  to  travel  twice 
the  8,G33  metres  which  separate  the  two  stations.  M.  Fizeau  thus 
found  that  light  travelled  196,000  miles  (315,000  kilometres)  a  second ; 
a  result  agreeing  with  that  furnished  by  the  observation  of  Jupiter's 
satellites,  when  the  distance  of  the  Sun  deduced  from  the  ancient 
parallax  of  that  body  was  adopted. 

Some  time  after  M.  Fizeau*8  experiment,  in  May  and  June  1850, 
some  instruments,  based  on  the  principle  of  rotating  minors  adopted  by 
Air.  Wheatstone  in  measuring  the  velocity  of  electricity,  have  enabled 
it  to  be  shown  that  light  moves  with  greater  rapidity  through  air  than 
through  water,  and  the  relations  of  the  two  velocities  to  be  determined. 
AIM.  L^on  Foucault  and  Fizeau  have  each  succeeded  in  attaining  the 
same  result.  Lastly,  in  1862,  the  first  of  these  experimenters,  modify- 
ing his  first  apparatus,  went  still  further ;  he  succeeded  in  measuring 
the  time  which  light  takes  to  travel  the  little  distance  of  20  metres,  a 
time  which  is  equal  to  the  hundred  and  fifty  millionth  part  of  a  second. 
According  to  later  experiments  of  M.  Foucault,  the  velocity  of  light 
through  space  is  298,000  kilometres  a  second,  a  little  less  than  that 
obtained  by  M.  Fizeau,  but  which  agrees  with  that  deduced  from 
observations  of  the  eclipses  of  Jupiter's  satellites,  adopting  the  new 
parallax  of  the  Sun. 
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CHAPTER   III. 

PHOTOMETRY. — MEASURING  THE  TXTEXRTTY   OF  UOHT   SOURCES. 

Liiininoas  intentiiy  of  light  toaron,  illaminating  power.— Principles  of  i^otometiy. 
— Law  of  distances. — Lsw  of  cosines. — Rnmford's  photometer. — Bonguei^s  photo- 
meter.— Determination  of  the  illnminating  power  of  the  Sun  and  the  fall  Moon. 
— Stellar  lAotometer. 

WE  all  know,  by  everyday  experiment,  that  the  ilhiminatin^ 
power  of  a  li^ht  varies  according  to  the  distance  at  which 
the  object  illuminated  is  placed  from  the  source  of  light  When  we 
read  in  the  evening  by  lamp  or  candlelight,  we  can  also  observe  that, 
without  changing  the  distance  we  are  from  the  light,  it  ia  possible, 
by  inclining  the  pages  of  our  book  in  a  certain  way,  to  obtain  various 
degrees  of  illumination.  I^astly,  if  instead  of  one  light  we  place 
many  at  the  same  distance,  or,  again,  instead  of  a  small  lamp  we 
substitute  a  very  large  one  with  a  wide  wick,  it  will  be  evident  to  us 
that  the  illumination  will  be  augmented  in  a  certain  proportion. 

The  illuminating  power  also  varies  with  the  nature  of  the  lumi- 
nous source,  other  things  being  equal.  The  flame  of  a  gas-jet  appears 
to  us  much  more  brilliant  than  that  which  is  given  by  an  oil  lamp ; 
the  light  of  the  moon  is  infinitely  less  bright  than  that  of  the 
sun,  although  the  discs  of  the  two  bodies  have  nearly  the  same 
apparent  siza 

When  the  intensity  of  the  source  of  light  is  sought  for,  certain 
circumstances  must  be  taken  into  account ;  some  being  inherent  in 
the  light  sources  themselves,  others  peculiar  to  the  object  illuminate<l, 
such  as  distance,  inclination,  &c.  The  problems  relative  to  determi- 
nations of  this  nature  constitute  the  branch  of  optica  calleil  pho- 
tometry, from  two  Greek  words  which  signify — the  first,  light;  the 
second,  to  measure. 
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Nothing  is  more  delicate  or  difficult  than  the  measurement  of  lumi- 
nous intensities.  In  spite  of  all  progress  realized  in  the  science  ot 
optics,  there  are  yet  no  instruments  which  give  this  measure  with  an 
exactness  comparable  to  other  physical  processes.  The  barometer 
and  thermometer  respectively  give  us  with  extreme  sensibility  the 
pressure  of  the  atmosphere  and  the  temperature ;  the  relative  pitch  of 
two  sounds  can  be  distinguished  with  great  delicacy.  Photometry  is 
in  a  less  advanced  condition,  and  the  comparison  of  the  intensity  of 
two  lights  yet  leaves  much  to  desire.  This  arises  from  the  fact  that 
we  have  no  other  criterion  in  this  case  than  the  organ  by  the  aid  of 
which  we  perceive  the  lights  to  be  compared.  The  sensation  of  sight 
is  the  only  judge,  and,  in  spite  of  its  extreme  sensibility,  the  eye 
is  but  slightly  fitted  to  determine  the  numerical  relations  of  two  or 
more  lights,  which  are  before  it  either  simultaneously  or  successively. 

Even  when  it  has  to  judge  of  the  equality  of  two  light  sources, 
the  difficulty  is  great.  If  the  observations  are  not  simultaneous,  the 
comparison  will  be  the  more  difficult  according  to  the  interval  of 
time  which  elapses  between  them.  We  must  first  arrange,  therefore, — 
and  that  is  not  always  possible, — that  the  two  lights  be  observed 
together.^ 

Very  frequently  the  brightness  of  the  sources  of  light  dazzles  the 
eye,  and  renders  it  incapable  of  judging  with  the  least  precision ; 
and  this  is  the  reason  why  physicists,  instead  of  comparing  the 
sources  of  light  themselves,  observe  similar  surfaces  illuminated  by 
these  sources  under  similar  conditions  of  inclination  and  distance. 
Again,  the  diversity  of  the  colours  of  lights  is  a  cause  of  uncertainty 

1  "  In  this  manner  the  judgment  of  the  eye  Is  as  little  to  be  depended  on  as  a 
measure  of  light,  as  that  of  the  hand  would  be  for  the  weight  of  a  body  casually 
presented.  This  uncertfunty,  too,  is  increased  by  the  nature  of  the  oi^n  itself, 
which  is  in  a  continual  state  of  fluctuation  ;  the  opening  of  the  pupil,  which  admits 
the  light,  being  continually  expanding  and  contracting  by  the  stimulus  of  the  light 
itself,  and  the  sensibility  of  the  nerves  which  feel  the  impression  varying  at  every 
instant.  Let  any  one  call  to  mind  t^e  blinding  and  overpowering  effect  of  a  flash  of 
lightning  in  a  dark  night  compared  with  the  sensation  an  equally  vivid  flash  pro- 
duces in  full  daylight.  In  the  one  case  the  eye  is  painfully  affected,  and  the  violent 
agitation  into  which  the  nerves  of  the  retina  are  thrown,  is  sensible  for  many  seconds 
afterwards  in  a  series  of  imaginaiy  alternations  of  light  and  darkness.  By  day  no 
such  effect  is  produced,  and  we  trace  the  course  of  the  flash  and  the  zig-zags  of  its 
motion  with  perfect  distinctness  and  tranquillity,  and  without  any  of  those  ideas  of 
overpowering  intensity  which  previous  and  total  darkness  attach  to  it" — Sir  John 
Hbrschbi^ 
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which  cannot  be  obviated.  "Between  two  differently  coloured 
lights,"  says  Sir  J.  Herachel,  "  no  parallel  susceptible  of  precision 
can  be  drawn;  and  the  uncertainty  of  our  judgment  is  greater  as 
this  difference  of  coloration  is  more  considerable." 

In  spite  of  these  difficulties  there  have  been  established,  either 
by  reasoning  or  by  experiment,  a  certain  number  of  principles  which 
have  suggested  the  invention  of  various  photometrical  instruments, 
some  of  which  we  will  now  describe.  In  the  present  day,  when 
public  and  private  gas-lighting  has  become  very  general,  aiid  the 
want  has  been  felt  of  facilitating  navigation  on  our  coasts  by 
establishing  numerous  lighthouses,  photometers  have  become  instru- 
ments of  which  the  practical  utility  is  equal  to  the  interest  of  the 
purely  scientific  problems  for  which  they  have  been  invented.  But 
it  is  not  less  certain  that  the  first  processes  invented  for  the  com- 
parison of  the  sources  of  light  are  due  to  savants  who  by  no  means 
thought  of  the  question  of  practical  utility.  In  the  seventeenth 
century  Auzout  and  Huyghens,  in  the  following  century  Andr^  Cel- 
sius, Bouguer,  and  Wollaston,  kept  in  view  the  interesting,  although 
purely  speculative,  question  ef  the  relative  brightness  of  the  light 
of  stars.  They  endeavoured  to  determine  the  intensity  of  the  sun's 
light  compared  with  that  of  the  moon  or  the  brightest  stars. 

The  first  principle  which  they  enunciated  was  the  following: — 
When  the  distance  irom  a  luminous  point  to  the  object  illuminated 
varies,  the  intensity  of  the  light  received  varies  in  the  inverse 
ratio  of  the  square  of  the  distance.  And,  indeed,  the  light  radiates 
from  the  luminous  point  in  every  direction  with  equal  force; 
but  these  rays  diverge  as  the  distance  increases.  If  they  are 
received  on  the  surface  of  a  sphere  of  a  definite  radius,  they  will 
produce  on  one  element  m  of  this  sphere  an  illumination  of  a 
determined  intensity ;  if,  continuing  their  path,  they  are  received 
upon  a  sphere  of  double  radius,  the  same  rays  which  are  spread  on 
the  surface  m  will  be  on  the  surface  M  of  the  new  sphere.  Now, 
geometry  teaches  us  that  M  possesses  four  times  the  surface  of  m, 
and,  inasmuch  as  the  same  quantity  of  light  is  spread  over  a  surface 
four  times  greater,  it  may  be  concluded  that  its  intensity  is  four 
times  less.  At  triple  the  distance,  the  intensity  is  nine  times  less: 
in  a  word,  the  intensity  of  light  diminishes  as  the  square  of  the 
distance  increases.    This  has  been  confirmed  by  experiment,  as  we 
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shall  presently  see.  This  law  holds  good  only  if  we  abstract  the 
ahsorptioQ  of  luminous  rays  by  the  media  in  which  they  move.  It  is 
also  applied  to  the  case  in  which  the  source  of  ligiit  is  no  longer 
a  simple  luminous  point,  but  presents  an  apparent  appreciable  surface, 
provided  that  it  be  distant  enough  from  the  iltuniinated  object  to 
allow  the  latter  to  be  regarded  as  efjuidistant  from  all  parts  of  the 
source.  It  follows  from  this  first  principle  of  photometry,  that  if  we 
present  to  the  light  of  a  candle,  for  instance,  a  piece  of  white  paper, 
and  remove  it  further  and  further  away  to  distances  2,  'i,  4  times 


greater,  the  liriglitness  wilt  become  nearly  4,  II,  Ifi  tinifs  less.  It  i.** 
necessary  that  the  paper  be  always  placed  perpendicularly  to  tiie 
direction  of  the  luminous  rays. 

If,  without  changing  the  distance,  the  paper  is  inclined  in  one 
direction,  it  is  evident  that  the  briglitness  will  diminish,  since  the 
same  surface  will  nr>w  intercept  a  less  number  of  mys.  Tlie  quantity 
of  light  received  than  varies  according  to  a  law  wliicli  is  called  the 
law  of  cosines,  because  it  is  proportional  to  the  cosines  of  the  angles 
which  the  luminous  rays  make  with  the  perpendicular  to  the  illumi- 
nated surface. 

The  foregoing  remarks  refer  only  to  the  illuminating  power  of  the 
source  of  light,  not  to  its  intrinsic  brightness.  If  this  intrinsic  bright- 
ness does  not  vary,  it  is  clear  that  the  illuminating  power  will  be 
greater  as  the  surface  of  tlie  source  itself  is  greater ;  so  also  in  the 
case  where  the  intrinsic  lirightnesK  is  incrciiscd,  llic  illuminating 
power  is  increased  in  the  same  pro]Mirtiiui. 
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One  inference  from  the  preceding  principles  is,  that  a  light  source 
possesses  the  same  apparent  intrinsic  brightness  whatever  may  be 
its  distance  from  the  eye ;  for,  although  the  quantity  of  light  which 
penetrates  the  opening  of  our  pupil  diminishes  in  the  inverse  ratio  of 
the  square  of  the  distance,  still,  as  it  emanates  from  a  luminous 
surface,  the  apparent  diameter  of  which  appears  smaller  and  smaller, 
and  which  decreases  in  the  direct  ratio  of  the  square  of  this  same 
distance,  there  is  exact  compensation,  and  the  brightness  of  the 
source  remains  the  same  at  each  point.  This  is  why  the  light  of 
the  planets,  such  as  Venus,  Mars,  and  Jupiter,  appear  to  us  always 
equally  bright  when  we  see  them  at  the  same  height  above  the 
horizon,  if  the  purity  of  the  atmosphere  is  the  same,  although 
their  distances  from  the  earth  are  variable.  The  sun  is  seen 
from  the  different  planets  as  a  disc,  the  apparent  surface  of  which 
varies  from  about  1  to  7,000:  the  quantity  of  light  that  each 
of  these  bodies  receives  varies  in  the  same  proportion;  bat  the 
intrinsic  brightness  of  the  disc  is  the  same  at  Merouiy  as  at 
Neptune ;  if  we  suppose  that  the  cdestial  spaces  do  not  abooib 
light,  and  that  it  is  subjected  to  the  same  d^ifoe  of  extinction  in 
its  passage  through  the  atmospheres  of  the  two  planets. 

We  all  know  that  if  we  look  at  a  red-hot  ball  in  the  daik^  the 
spherical  form  is  no  longer  perceptible  to  the  eye,  and  it  appean  like 
a  flat  disc,  every  portion  of  which  shows  the  same  luminous  intendtj. 
If,  instead  of  a  spherical  ball,  a  prismatic  bar  of  iron  or  poliahed 
silver  is  brought  to  incandescence,  an  analogous  phenomeiioiii  will 
present  itself.  Whatever  may  be  the  position  of  the  bar»  its  edges 
will  not  be  visible,  the  brightness  will  be  the  same  eveiywheie,  on 
the  sides  presented  perpendicularly  to  the  eye  as  on  those  which  aie 
more  or  less  inclined ;  in  a  word,  the  observer  will  believe  that  he  is 
looking  at  an  entirely  plane  surfaca  Let  the  bar  be  caused  to 
revolve,  and  the  movement  will  only  be  noticed  by  the  apparent 
variation  of  width  of  the  luminous  band.  The  conclusion  to  be 
derived  from  these  experiments  is,  that  the  quantity  of  light  emitted 
by  a  solid  incandescent  body  in  a  definite  direction  depends  on  the 
inclination  of  its  surface  to  the  direction  of  the  luminous  rays. 
Indeed,  if  two  units  of  surface,  one  on  the  side  of  the  metallic  bar 
which  fronts  the  observer's  eye,  the  other  on  an  inclined  side,  should 
emit  in  that  direction  the  same  quantity  of  light,  it  is  quite  evident 


CBAP.  III.] 


PHOTOMETRY. 


that  tbe  inclined  side  would  appear  to  have  the  greatest  hright- 
11688,  since  the  same  number  of  rays  would  be  spi'cad  over  an 
area  the  apparent  size  of  which  is  less.  The  sun  ie  a  luminous 
sphere ;  but  its  aspect  is  that  of  a  disc,  the  intiinsic  brightness  of 
which  is  not  greater  at  the  border  than  at  the  centre/  which  con- 
firms the  law  we  have  just  announced,  which  is  called  the  law  of 
the  cosines,  because  the  quantity  of  light  emitted  by  equal  surface 
areas  of  a  light  source  varies  as  the  cosines  of  the  angles  which 
the  rays  make  with  a  normal  to  the  surface.  These  are  the 
principles  upon  which  the  measurement  either  of  the  illuminating 
power  or  the  Intrinsic  brightness  of  sources  of  light  depend. 

We  will  DOW  describe  the  instrumenta  called  photometers,  which 
are  used  to  measure  tliese  intensities.     Kumford's  photometer  is  repre- 


sented in  Fig.  162.  Tt  is  based  on  the  fact,  that  if  shadows  thrown 
on  the  same  screen  by  an  opaque  body  illuminated  by  two  different 
lights  have  the  same  intensity,  the  illuminating  powers  of  the 
two  lights  are  equal,  if  they  are  at  the   same   distance   from  the 

'  It  U  DOir  pTOTed  that  the  central  parts  of  the  Bolar  di»c  are  the  moit  luminoiu, 
oontnuy  t«  what  wonld  be  the  case  if  there  were  an  equal  emiaaioa  of  liijht  over  the 
whole  surface.  AatroDomers,  however,  have  shown  that  this  appeantDce  U  due  to 
n  absorbing  atmosphere  of  small  height,  so  that  uiore  light  is  absorbed  at  Iha 
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screen,  or  are  in  the  inverse  ratio  of  the  squares  of  these  distances, 
if  they  are  at  unequal  distances.  Let  us  suppose  that  we  wish  to 
compare  the  illuminating  powers  of  a  jet  of  gas  and  an  ordinary 
caudle.  A  black  cj'lindrical  rod  is  placed  vertically  in  front  of  a 
screen  of  white  paper,  and  the  two  lights  are  arranged  so  that  the 
shadows  of  the  rod  will  both  be  projected  on  the  paper,  nearly  in 
contact  Then  we  gradually  move  the  light  which  gives  the  most 
intense  shadow,  until  the  eye  can  no  longer  distinguish  any  difference 
between  tlie  intensities  of  the  shadows.  To  judge  better  of  the 
equality  of  the  shadows,  we  look  at  the  screen  on  the  side  which 
is  nut  directly  illuminated  by  the  candle  and  the  flame  of  the  gas. 
At  this  moment,  the  luminous  parts  of  the  scieea  receive  the  rays 
of  both  lights  at  once,  whilst  each  shadow  is  only  lighted  hy  one  of 
them  :  the  equality  of  their  tints  then  indicates  the  equally  of  the 
illuminating  powers  of  each  separate  source.  The  illuminating 
powers  of  the  two  lights  are  then,  according  to  the  first  principle,  in 
the  inverse  ratio  of  the  squares  of  their  distances  &oui  the  screen. 


Bouguer's  photometer  (represented  in  Fig.  163)  is  based  on  the 
equality  of  brightness  of  two  portions  of  a  surface  separately  illumi- 
nated by  each  of  the  light  Bources. 

An  opaque  screen  prevents  the  light  of  each  source  from  reaching 
that  part  of  the  surface  which  is  illuniiiiated  by  the  other.  This 
surface  formerly  consisted  of  a  piece  of  oiled  paper,  or  ground  glass. 
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M.  L^on  Foucault  uses  in  preference  a  plate  of  very  homogeneous 
porcelain,  sufficiently  thin  to  be  translucent.  The  two  illuminated 
portions  are  separated  by  a  narrow  line  of  shadow  projected  through 
the  screen,  and  the  eye  placed  behind  judges  easily  of  the  moment 
when  the  illumination  is  equal.  This  equality  once  obtained,  the 
intensities  of  the  lights  are  deduced  fi-om  their  respective  distances 
from  the  plate  of  porcelain.  We  will  confine  ourselves  to  the 
description  of  these  two  kinds  of  photometers,  both  of  which  serve 
to  pwve  the  law  of  the  square  of  distances.  The  verification  is  very 
simple :  it  is  sufficient  to  put  on  the  one  side  one  candle :  it  will 
then  be  found  that  there  must  be  placed  four  at  double  the  distance, 
nine  at  triple  the  distance,  to  obtain  either  equally  dark  shadows 
on  the  screen,  or  equal  illumination  in  both  portions  of  the  sheet  of 
porcelain.  The  following  are  some  of  the  results  obtained  by  the 
instruments  :— 

If  we  use  two  equal  lights,  two  candles,  for  instance,  and  if  we 
place  one  of  them  at  a  distance  eight  times  further  from  the  screen 
than  the  other,  it  will  be  found  that  the  shadow  of  the  fii*st  dis- 
appears. At  this  distance  the  intensity  of  its  light  is  sixty-four 
times  less  than  the  other.  Bouguer,  to  whom  we  owe  this  experi- 
ment, concluded  that  one  light,  of  whatever  intensity,  is  not  per- 
ceptible to  our  eyes  in  presence  of  a  light  sixty-four  times  brighter. 
This  explains  to  us  how  it  is  that,  in  broad  daylight  and  in  a  clear 
sky,  the  stars  are  no  longer  visible ;  why  from  the  interior  of  a  well- 
lighted  room  we  see  nothing  but  darkness  out  of  the  windows,  and 
again,  why  we  can  scarcely  distinguish,  when  in  full  sunlight,  what 
passes  in  the  interior  of  an  apartment. 

Bouguer  and  Wollaston  both  tried  to  compare  the  light  of  the 
sun  with  that  of  the  full  moon,  taking  as  comparison  the  light  of 
a  candle.  They  both  found  that  the  sun's  light  was  equal  to  the 
united  light  of  about  5,600  candles  placed  at  a  distance  of  HO 
centimetres.  As  to  the  light  of  the  full  moon,  Wollaston  found  it 
equal  to  the  144th  part  of  that  of  a  candle  placed  at  the  distance  of 
3™'65.  Whence  he  concluded,  by  easy  calculation,  that  the  light  of 
the  sun  was  equal  to  about  800,000  times  that  of  the  full  moon. 
Bouguer  only  found  the  number  300,000.  Quoting  the  number 
obtained  by  Wollaston,  a  number  which  differs  much  from  that  of 
the  French  philosoi)her,  Arago  adds,  "  I  cannot  tell  in  what  consists 
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the  enormity  of  this  number  compared  with  Bouguer's  determination, 
for  tlie  method  employed  was  exact,  and  the  observer  of  incontestable 
ability." 

It  will  bo  seen  from  this  how  difficult  photometrical  determina- 
tions are,  especially  when  they  refer  to  lights,  the  intensity  of  which 
is  as  prodigiously  different  as  those  of  the  sun  and  moon.  Much  has 
yet  to  be  done  in  devising  new  experimental  methods. 
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CHAPTER    IV. 

REFLECTION    OF    LIGHT. 

Phenomena  of  reflection  of  light — Light  reflected  by  mirrors  ;  diffused  light ;  why 
we  see  things. — Path  of  incident  and  reflected  rays ;  hiws  of  reflection. — Images 
in  plane  mirrors. — Multiple  images  between  two  parallel  or  inclined  sur&ces  ; 
kaleidoscope. — Polemoscope  ;  magic  lantern. — Spherical  curved  mirrors  ;  foci 
and  images  in  concave  and  convex  mirrors. — Caustics  by  reflection. — Conical 
and  cylindrical  mirrors. — Luminous  spectres. 

T  ONG  before  human  industry,  stimulated  by  the  requirements  of 
-"  luxury  and  frivolity,  had  dreamed  of  polishing  metals  and 
glass  in  order  to  make  their  surfaces  brilliant  for  mirrors  and  looking- 
glasses,  nature  presented  many  examples  of  the  phenomena  which 
physicists  call  the  reflection  of  light :  for  the  surface  of  limpid  and 
tranquil  water,  as  of  a  pool  or  lake,  reflects  a  faithful  image  of  the 
country  which  surrounds  it,  the  azure  vault  of  the  sky,  clouds,  sun, 
stars,  trees,  rocks,  and  the  living  beings  who  walk  on  the  banks  and 
sail  over  the  liquid  surface.  This  is  on  a  large  scale  the  model 
which  industrial  art  has  to  copy,  and  which  would  enable  us  to  study, 
not  only  conveniently  but  accurately,  the  path  which  light  takes 
when,  coming  from  luminous  sources  or  illuminated  objects,  it  is 
reflected  from  the  surface  of  bodies.  But  the  want  of  comprehending 
never  precedes  that  of  admiring  and  enjoying,  and  the  discovery  of 
the  laws  which  govern  the  reflection  of  light  was  doubtless  made  long 
after  the  imitation  of  the  phenomena  we  have  just  described. 

light  is  not  always  reflected  in  the  same  maimer  from  the  surface 
of  bodies.  The  reflection  varies  according  to  many  circumstances, 
among  which  we  shall  first  consider  the  nature  of  the  reflecting 
substance  and  the  condition  of  its  surface. 

If  we  consider  bodies  whose  surface  is  naturally  smooth  and 
polished,  like  liquids  in  a  state  of  rest,  mercury,  &c.,  or  susceptible  of 
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acquiring  tliiB  ijiiality  by  mechanical  processes,  as  glass  and  moot 
of  the  metals,  &c.,  the  Teflectiou  of  light,  from  their  aurCace  will  not 
show  these  bodies  themselves,  but  Uie  iUaminated  or  lumiiioua 
objects  wliich  are  situated  in  front  of  them.  Light  reflected  iu  thic 
iiiainier  produces  the  images  of  these  objects,  the  dimensions  sad' 
form  of  wliich  depend  on  those  of  the  reflecting  surface  ;  but  in  pro- 
portion as  t)ie  degree  of  polish  is  more  perfect,  the  ligltt  and  colour 
will  be  better  preserved,  Tliese  are  reflectors  or  mirrotn.  Physicists 
then  say  that  light  is  reflected  re^arly  or  specularly.' 

When  light  is  reflected  by  bodies  possessing  a  tarnished,  dull,  < 
rough  surface,  it  does  not  produce  images,  but  it  shows  tbe  bodies  front 
wlience  it  emanates,  so  that  each  point  of  their  illuminated  surface 
serves  for  other  objects  the  part  of  a  luminous  point.  The  Uglib 
which  u  polished  surface  receives  is  never  entirely  reflected.  If  tlta 
botly  i3  transparent  or  translucent,  a  portion  of  the  received  liglit 
jieiietrates  into  the  interior  and  traverses  tbe  substance,  and  is  usually 
]»artly  extinguished  or  absorbed.  It  is  often  a  veiy  amall  amount  of 
the  luminous  rays  which  are  reflected  from  the  surface. 

If  the  boily  is  opaque,  the  reverse  takes  place,  the  light  received 
is  in  great  part  reflected,  hut  a  certain  quantity  is  absorbed  by  t^' 
thin  strata  nt  the  surface  of  the  body. 

Let  us  next  consider  the  path  which  light  follows  in  the  pheno- 
iiieuon  of  reflection,  always  supposing  the  medium  hotiiogeneoua. 
\'ery  simple  experiments,  which  every  one  can  Terify  more  or 
less  rigorously,  will  indicate  to  us  the  laws  which  govern  tbia 
propagation.  Let  us  employ  a  batli  of  mercury  for  a  n;flectui]} 
fiuiface,  and  fur  a  luminous  object  a  star,  the  rays  of  Tiliich,  comiqg 
from  a  distance  wliich  is  practically  infinite,  to  the  atii-race  of  tfai 
earth,  may  be  considered  exactly  parallel.  Tlie  direction  of  1 
rays  coming  from  tlie  star  and  falling  on  a  certain  point  of  the  mirroi^ 
formed  by  the  mercury  ia  easily  determined  by  means  of  a  theodolite 
the  axis  of  which  is  fixed  in  an  exactly  vertical  position  (Fig.  Ifia)^ 
I  f  we  look  directly  at  the  star,  the  line  i'  s'  of  the  telescope  is 
the  direction  of  the  incident  luminous  rays,  and  the  angle  s'i'k', 
equal  to  the  angle  s  i  n,  is  the  angle  of  incidence ;  that  ia  to  Bay,  that 
formed  by  a  luminous  ray  with  the  perpendicular  to  the  surface  at 
the  point  of  iiuidence. 

I  From  fiHdiliiiH.a  imm>r. 
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In  order  to  find  the  direction  of  the  reflected  luminons  rays,  we 
mnst  turn  the  telescope  on  its  axis  until  we  see  the  image  of  the  star 
on  the  stirface  of  the  mercury  bath.  When  the  image  is  brought  to 
the  centre  of  the  telescope,  it  is  certain  that  the  angle  r'  l'  n'  is  equal 
to  the  angle  of  reflection  N  i  r.  Thus,  in  reading  the  measure  on  the 
graduated  circle  of  the  instrument,  the  angle  of  reflection  can  be  com- 
pared with  the  angle  of  incidence.    Xow,  whatever  may  be  the  star 
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observed,  and  whatever  its  height  above  the  liorizoii,  it  is  always 
found  that  there  is  perfect  equality  between  these  angles.  Moreover, 
that  position  of  the  circle  of  the  theodolite  which  enables  the  star 
and  its  image  to  be  seen  evidently  proves  that  the  ray  which  arrives 
directly  from  the  luminous  point,  and  that  which  is  reflected  at  the 
surface  of  the  mercury,  arc  both  in  the  same  vertical  plane. 
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Tliese  two  laws  Iiave  beuii  ei£i>re3sed  by  physicists  in  the  follow- 
ing form : — 

The  angle  of  incidence  is  equal  to  tlie  angle  of  reJUdion. 

The  inciileni  and  the  reflcrted  ray  are  both  in  the  same  plane,  icAteA 
M  perpendicular  to  the  rrflectini/  surface. 

These  are  two  very  simple  laws,  but  they  suffice  to  offer  an  expla- 
nation of  the  most  complex  phenomena,  and  of  the  action  of  the  most 
varied  optical  instniinenta,  whenever  these  phenomena  and  iostru- 
nieuts  have  reference  to  the  retlection  of  light  from  the  surface  of 
bodies.     We  shall  soon  be  able  to  judge  for  ourselves. 

Ill  the  first  place  we  will  speak  of  the  images  which  appear  on 
the  surface  of  mirrors,  that  is  to  say,  of  all  bodies  sufBcitmtly  polished 
to  allow  the  light  which  falls  on  their  surfaces  to  be  reflected  in  a 
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regular  manner.  Tliese  images  vary  in  dimensions  and  form  with  the 
form  and  dimensions  of  the  reflecting  surface  ;  but  it  will  be  sufficient 
for  us  to  give  some  idea  of  the  luminous  effects  produced  by  plane, 
spherical,  cylindrical,  and  conical  mirrors. 

We  all  know  that  mirrors  with  a  plane  surface-— 4uch  as  looking- 
glasses  and  liquid  surfaces  in  a  state  of  I'est — show  images  which 
faithfully  represent  the  objects  which  they  reflect.  The  dimensions, 
form,  and  colour  are  repii)duced  with  exactitude ;  the  image  aloue  is 
always  symmetrical  with  the  object,  so  that  the  right  side  of  one  is 
the  left  of  the  other,  and  vice  vei-sd.  Again,  the  apparent  distance  of 
the  image  behind  the  mirror  is  precisely  equal  to  the  real  distance 
of  the  object  in  front  of  llic  mirror.  Fig.  166  perfectly  explains 
these  conditions. 
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All  the  luminous  rays  which  the  extremity  of  the  flame  of  a 
candle  throws  upon  a  plane  mirror,  diverge  in  every  direction  after 
their  reflection  from  tlie  surface  of  tlie  mirror;  but  the  equality 
of  the  angles  of  incidence  and  reflection  causes  these  rays  to  con- 
verge behind  the  mii-ror  at  a  point  symmetrically  situated  in  rela- 
tion to  the  luminous  rays.  The  eye  which  receives  one  of  tliese 
rays  wCl  then  be  afiectcd  as  if  the  luminous  object  were  situated 
at  the  point  of  convergence,  and  he  will  there  see  the  image.  What- 
ever may  be  the  position  of  the  observer  in  front  of  the  mirror,  the 
position  of  the  image  will  be  the  same,  although  it  appears  to  occupy 
different  points  on  the  same 
mirror.  The  lower  end  of  the 
candle  will  form  ita  image 
in  the  same  manner,  and 
so  with  all  the  intermediate 
points.  From  this  it  is  seen 
that  the  image  of  any  lumi- 
nous object  will  be  formed, 
point  by  point,  of  all  the 
partial  images  symmetrically 
situated  behind  the  mirror, 
at  distances  from  its  surface 
equal  to  the  distances  of  each 
of  the  points  of  the  object. 

Fig.  167  shows  how  the 
image  of  an  object  can  be 
seen  in  a  plane  mirror,  with-  "'"  "" -^rd^'mXl'^r'"'*  """'■ 

out  the  object  being  directly 

in  front  of  it ;  it  suffices  that  the  eye  be  placed  so  as  to  receive 
the  reflected  rays,  that  is  to  say  rays  in  tlie  divergent  space  Q  m  m'  p. 
This  is  called  the  field  of  l/ie  mirror. 

In  luirrora,  or  ordinary  looking-glasses,  the  form  and  colour  of  the 
reflected  objects  are  generally  slightly  altered,  because  it  is  difliciilt  to 
obtain  a  perfect  (Hiliah  and  an  exactly  plane  surface.  The  diffused 
light  is  then  mixed  with  the  light  reflected  from  the  mirror,  and 
communicates  to  it  the  colour  which  the  sulistance  of  the  mirror 
[Kissesses.  We  also  observe  in  tinned  miirors  that  the  objects 
fi'equently   form    i»    double    image:    one,   the    more   feeble   of    the 


254  PHYSICAL  PHENOMMSA.  [book  hi. 

two,  13  formed  od  tlie  exterior  sarface  of  the  mirror;  the  other, 
the  more  brilliant,  is  tliat  which  is  given  by  the  mirror  properly 
so  tralloJ.  that  \i  to  say,  by  the  internal  tinned  surface.  Metallic 
uirrv'rs  bare  not  this  incoQTenience,  but  they  possess  others 
which  are  much  greater:  the  quantity  of  light  that  they  reflect  is 
not  s^>  $reat.  and  tbeir  surface  tarnishes  rapidly  in  contact  with 
th«  air. 

If  wf  place  two  or  more  plane  minors  in  various  ways,  we  obtain 
fttn^utar  t'AVvts  from  the  multiple  reflections  which  are  cast  back  from 
tttte  luirrvr  to  another. 


Pia.  lU.—BKQMliou 


Tlie  most  simple  of  these  effects  is  that  which  is  prodoood  hy 
two  ]>lane  parallel  mirrore  (Fig.  168).  A  luminous  object  interposed 
Itetween  the  two  mirrors  shows  on  each  of  them  one  image,  a,  o, 
which  becoming  a  luminous  object  to  both  mirrors,  gives  rise  to  two 
new  images  more  distant  than  the  first,  o^,  o^  These  form  new  ones, 
and  so  indefinitely;  so  that  with  the  eye  conveniently  placed,  we 
shall  see  an  infinity  of  images  which  become  more  and  more  feeble 
on  account  of  the  loss  which  the  light  undei^oea  by  each  successive 
reflection.  These  effects  ore  easily  observed  in  a  room  containing 
two  parallel  and  opposite  looking-glasses.  The  two  series  of  images 
toon  become  confused  when  they  are  influenced  by  a  luminous  point ; 
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but  if  we  wish  to  distinguisli  them,  it  is  sufGciest  to  look  at  an 
object  the  surfaces  of  which  are  of  diflereut  colours  and  foiins. 

Two  plane  mirrors  forming  an  augle  produce  images  the  number 
of  which  is  limited  and  dependent  on  the  angle.     But  they  are  all 


IdcUdhI  It  rigtit  uglea 


obseiTcd  to  be  placed  in  a  circle,  having  for  its  centre  the  point  of 
intersection  of  the  mirrors,  and  for  its  radius  the  distance  from  the 


luminous  point.  Figures  170  to  172  represent  the  images  fonued 
by  mirrors  inclined  at  90°,  60°,  and  45°.  The  first  system  gives 
three  images,  the  second  five,  and  the  tliird  seven.     These  multiple 
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raflectioufi  have  suggested  tlie  construction  of  various   iostnimeato, 

among  which    may  be    mentioned    the    kaleidosatpe,    invented    by 

Brewster. 

In  a  pasteboard  tube  are  fixed  three  plates  of  glass  forming  an 

equilateral  prism,  the  bases  of  which  are  closed  respectively  by  two 
parallel  plates,  one  of  transparent, 
the  other  of  ground  glass,  between 
which  are  placed  little  objects,  such 
as  pieces  of  coloured  glass.  The 
eye,  on  looking  through  the  smaller 
end  of  this  kind  of  telescope,  sees 
these  pieces  of  glass,  the  multiple 
images  of  which  are  formed  1^ 
reflection  on  the  thret^  itiirrore ;  ' 
hence  result  regularly  disposed  1 
figures,  which  can  be  varied  at  J 
will  by  turning  the  iitstnimenl 
round  ^ig.  173). 
In  Brewster's  kaleidoscope  there  are  only  two  mirroi'^,  nud  1 


name  of  cHlnplric  cliumWr  i 
contain  thiw.  "r  iimri'. 


I  llK'  kllvi.liUI.'i'l''' 
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Tiie  magic  luiri-or  is  iinthing  more  tliaii  a  com lii nation  of  iwo 
plane  minors  ineliQed  so  as  to  reflect  the  images  of  objects  sepamted 
from  the  spectator  hy  cei'taJii  obstacles.  It  is  used,  under  the  name 
of  4he  polemoscope,  during  siejies,  to  observe  the  exterior  movements 
of  the  enemy,  while  llie  soldier  remain  in  shelter  behind  a  parapet 
(Fig.  174). 

Some  years  ago  a  poor  man  was  seen  on  tlie  quay  of  the  LoinTe, 
who  showed  to  the  amazed  spectators  the  fa^ide  of  the  Institute 
throuji;h  an  enormous  paving-stone.     This  mngic  glass,  which  enabled 


I>eople  to  see  through  opaque  bodies,  was  composed  of  a  tube  broken 
in  the  middle,  in  which  was  placed  a  stone ;  but  the  two  pieces  were 
really  united  by  tubes  (in  the  supports)  twice  bent  at  a  right  angle, 
and  containing  four  plane  minora  inclined  at  45°,  as  shown  in 
Fig.  175.  The  luminous  rays  could  then,  by  following  the  bent 
line,  pass  round  the  stone  and  ruacli  the  eye. 

Other  instruments  of  much  greater  scientific  importance  than 
those  just  mentioned  are  also  based  on  the  laws  of  reflection  of 
light   from  the  surface   of   plane    mirrors.      Rut    their  description 
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wiHikl  draw  hs  Wyuml  tlie  limits  to  which  we  are  restricted  in 
this  lirst  vohiiiie.  and  we  shall  contiiie  nurselves  to  a  simple  men- 
tion of  them.  Tiicy  are  the  sfxtant,  the  goniometer,  and  the  luliotiat. 
The  sextant  is  u^ud  ou  board  ship  to  measure  the  augular  distances 
of  two  distant  •jliject^:  for  instano^,  a  star  and  the  moon's  ed^. 
(iuniunietttrs  are  inslriiiiients  employed  to  luea^iure  the  angles  made 
liv  the  sides  of  crystals ;  and  the  name  of  heliostat  is  given  to  an 
apparatus  used  to  reject  the  sun's  rays  in  an  invariahle  direction, 
ill  spite  of  the  daily  movement  of  the  earth,  which  causes  that  body 
to  [tass  over  the  heavens  from  east  to  west 

When  light,  instead  of  being  reflected  from  a  plane  sorfiice^  fidls 
ou  a  polblied  curved  one,  the  laws  of  reflection  remain  the  aamfl  for 
each  point  of  the  mirror  ;  that  is  to  say,  the  angles  of  lefieoticai  and 
<if  incidence  arc  always  eijual  at  each  point,  on  either  aide  tlie  perpen- 
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dicular  to  the  plane  tangent  in  the  point,  or  from  the  normal  to  the 
surface  at  tlie  point  of  incidence :  moreover,  the  incident  ray,  reflected 
my,  and  the  uomial,  are  in  the  same  plane  But  the  curvature  of  tlie 
surface  modifies  the  convergence  and  divergence  of  the  luminoos  raya 
which,  after  reflection,  fall  on  the  eye :  from  this  reaalt  particular  phe- 
nomena, and,  in  the  case  of  luminous  objm;ts,  the  formation  of  images, 
whose  distance  and  position  vary  with  the  form  of  the  mirrors,  as  also 
with  their  dimensions  and  distances  from  the  objects  themselves. 

I*t  us  now  study  the  phenomena  of  the  reflection  of  light  firom 
the  surface  of  sjiliericnl,  cylindrical,  and  conical  mirrors. 


CHAI-.    IV,] 


kHrr.ECTioy  of  lioiit. 


A  suction  lliroiigli  it  liollow  iimtnllic  Kjiliere  <!^\vft  iis  a  spherical 
coiiuave  mirror,  if  tlie  concave  Hurtacc  is  jiolifllieil,  himI  n  aiiherieal 
convex  niiriur,  if  the  convex  snrfnc«  is  polisheil.  If  t!ie  aiihericnl 
portion  is  a  tiniiwi  piece  of  ^iliiss,  tlie  stnituni  of  tin  ia  ontaide  for  a 
concave  and  inside  for  a  convex  niirmr.  Ilitt  we  have  alivady  stated 
wliy  it  is  preferable  to  use  mirrors  of  polished  metal  for  tlie  oltsen'a- 
tron  of  physical  phemmienii.     We  shall  Npeuk  here  of  these  alone. 

I>:t  lis  uhsvrve  vhnt  h)ipi>ens,  when  a  luminous  object,  for 
inataiire,  the  flume  of  a  candle,  is  jdiici'd  at  various  distances  from 
a  concave  minor  in  a  a  dark  room.     We  .shall  in  these  ex[>erimeuts 


place  the  luminous  point  in  the  axis  of  ligure  of  the  niiiTor,  that  is, 
ill  the  line  which  joins  the  centre  of  the  sphere  to  which  it  belongs 
to  the  middle  or  the  top  of  the  spherical  segment. 

Let  us  first  place  the  light  at  a  distance  from  the  mirror  greater 
than  the  radius  of  its  curvature.     It  will  he  easy,  tiy  the  aid  of  a 


/a 


-  of  tbe  oliject  itself,  if  it 

1 111113  phenomena  can   be 

!   t'l  n'  the  toilet,  the  cui'va- 

that,  at  a  short  distance 

I  Iji.'  same  time  the  object, 

in-  preceding  experiment: 

■I    Ml'   diminish.      On  going 

:li  -11'   mproduced,  in  inverted 
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screen,  to  receive  the  reflected  rays,  and  see  that  they  form  a  smaller 
and  inverted  image  of  the  object  at  a  point  in  the  axis  comprised  be- 
tween the  centre  of  the  sphere  and  the  centre  of  the  light-source 
(Fig,  176).  On  moving  the  luminous  source  farther  from  the  mirror, 
we  must,  in  order  to  receive  the  image,  approach  nearer  and  nearer 
to  the  screen  from  the  point  of  the  axis  called  the  principal  focus  of 
the  mirror  (we  shall  soon  see  why),  and  the  inverted  image  will  by 
degrees  diminish.  If  the  candle  is  brought  forward  from  its  actual 
position  towards  the  centre,  we  observe  that  the  image,  atill  inverted 
and  smaller  tlian  the  object,  will  gradually  get  larger  as  it  approaches 


irted  Inueca,  lugcr  Uhu  Iba  ob)«t. 


the  centre.  If  the  candle  comes  to  the  centre,  the  image  will  arrive 
there  at  the  same  time,  and  will  be  blended  with  it  in  position  and 
size.  If  we  now  continue  to  bring  the  candle  nearer  to  the  mirror, 
we  cause  the  image  to  pass  beyond  the  centre ;  it  becomes  larger  and 
larger,  always  retaining  its  reversed  position.  In  proportion  as  the 
object  approaches  the  principal  focus  the  image  increases  in  size  and 
becomes  more  and  more  diffused,  until  it  is  too  large  to  be  received  on 
the  screen.  When  the  source  of  light  rcanhes  the  focus,  the  inu^  is 
situated  at  an  infinite  distance  and  has  therefore  completely  vanished. 
Tims  far,  the  image  of  the  luminous  object  has  been  real,  that  is, 
it  has  actually  existed  in  the  air,  at  the  point  where  it  is  formed, 
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and  the  reunion  of  the  luminous  raya  has  materially  reproduced, 
so  to  speak,  the  form  and  colour  of  the  object.  We  have  also  been 
able  to  receive  this  image  on  the  screen.  This  is  no  longer  the  case, 
however,  if  we  place  the  luminous  object  at  a  less  distance  than  the 
principal  focus  of  the  mirror.  The  real  image  then  exists  no  longer ; 
but  the  eye  still  perceives  behind  the  mirror,  as  in  plane  mirrors,  an 
image  of  the  candle :  this  is  called  a  virtual  image.  It  is  upright  and 
larger  than  the  object,  as  shown  in  Fig.  178,  and  its  apparent  dimen- 
sions go  on  diminishing,  in  proportion  as  the  light  is  brought  nearer 


to  the  mirror.  It  would  have  the  dimensions  of  the  object  itself,  if  it 
touched  the  retiecting  surface.  These  various  phenomena  can  be 
easily  observed  by  the  concave  min^ors  used  for  the  toilet,  the  curva- 
ture of  which  is  calculated  in  such  a  way  that,  at  a  short  distance 
from  the  mirror,  tlie  observer,  who  is  at  the  same  time  the  object, 
finds  himself  in  the  position  described  in  the  preceding  experiment : 
in  this  case,  he  sees  bis  figure  increase  or  diminish.  On  going 
further  and  further  away  from  if,  he  will  see  repi-oduced,  in  inverted 
iinler,  the  ((henoniciia  abuvn  uit'iitionL-d. 
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Let  us  now  return  to  these  pbenomena,  and  see  how  the  laws  of 
the  refleclton  of  li^ht  account  for  the  various  conditions  which  chK- 
racterize  thein.  For  this  purpose  we  must  determine  the  path  which 
a  ray  or  luminous  )>encil  follows,  when  it  is  rt;flected  from  the  surface 
of  the  concave  niiiTor. 

Fig.  179  shows  a  cylinder  of  pai-allel,  luminous  rays,  that  is,  rays 
which  have  emanated  from  a  point  situated  on  the  axis  of  the  mirror 
at  a  distance  which  may  be  considered  as  infinite.  It  is  thus  with 
the  light  which  comes  from  the  sun,  stars,  or  even,  on  the  surface  of 
the  eaitli,  from  an  object  at  a  distance,  compared  with  the  radius 
of  curvature  of  the  mirror. 

Both  geometry  and  observation  agree  in  proving  that  all  such  rays 
when  reflected  cut  the  principal  axis  at  a  point  situated  at  an  equal 
distance  Iwtween  the 
centre  C  and  the  apex 
A  of  the  mirror.  Their 
reunion  produces  in  F, 
the  principal  focus,  an 
image  of  the  point, 
which  the  eye  will  (ler- 
ceive  theitt,  since  the 
divergent  rays  which 
penetmle  <utr  organ 
of  vision  will  i)roduce  the  fenuie  effect  as  if  they  issued  from 
a  real  luminous  oliject,  situated  at  tlie  focus.  The  phenomenon 
is  the  more  exact  as  the  surface  of  the  mirror  is  smaller,  that  is, 
as  the  angle  of  the  cone,  having  its  highest  point  at  (he  centre 
r  of  the  mirror  while  its  base  is  the  mirror,  is  smaller.  Tliis 
angle  must  not  exceed  8  or  10  degrees.  If  tlie  mirror  is  spherical, 
the  curvature  is  the  same  at  eacli  of  its  points ;  and  the  reflected 
rays  will  then  follow  a  similar  path  in  relation  to  tlie  secondary 
axis,  that  is  to  say,  to  tlie  right  lines  which  join  each  point 
of  the  mirror  to  the  centre.  Tliere  are  endless  secondary  foci  on  these 
axes,  situiited  like  the  principal  focus,  at  equal  distances  between  the 
centre  and  the  mirror. 

Figs.  ISO  nud  18L  show  the  path  of  the  luminous  rays,  when 
the  ohjert  is  situated  at  a  distance  which  is  not  infinif*'.,  and  which 
lies  iir.ir  llic  miiTor. 
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The  equality  of  the  angles  of  reflection  and  incidence  indicates 
in  these  various  instonves  how  the  points  of  convergence  of  the  rays, 
either  on  the  principal  or  on  the  secondary  axes,  ai-e  situated  at  the 
very  poiut*  where  experiment  liaa  shown  us  that  the  images  are  formed. 

Indeed,  if  the  luminous  point  is  at  s  (Fig.  18U),  beyond  the 
centre  of  the  mirror,  a  ray  si  is  retlected  in  l  s  and  cuts  the  axis 
between  the  centre  (c) 
and  the  focus.  Bring- 
ing the  luminous  point 
now  to  the  centre  it^lf, 
the  rays  fall  normally, 
and  follow,  after  retlec- 
tiou,  the  course  which 
they  at  first  took  from 
the  light:  the  luminous 
point  and  its  focus  then  coincide.  If  the  point  still  approaches  the 
mirror,  but  to  a  less  distance  than  the  principal  focus,  the  reflection 
takes  place  on  the  axis  beyond  the  centre. 

It  is  evident,  and  experiment  also  confirms  the  fact,  that  if  tho 
path  of  a  luminous  ray  is  si  s  (Fig.  1811)  from  the  object  s  to  the 
focus  »,  the  pati)  will 
be  exactly  the  reverse 
when  the  ray  starts 
from  the  point  8,  so 
that  the  points  s  and 
s  are  alternately  foci 
one  of  the  other.  These 
are     called     cmijiynte 

The  conjugate  focus  of  the  principal  focus  is  infinite ;  in  ollii'r 
wnrdfi,  the  rays  which  emanate  from  this  point  nre  sent  back  parallel 
to  the  axis  of  the  mirror.  At  the  polnta  situated  hi-tween  the  principnl 
focus  ami  the  ntin-or,  the  focus  is  virtual,  because  the  rellwttd  lumi- 
nous rays  are  divergent  (Fig.  181):  we  can  no  longer  therefore  con- 
sider them  as  conjugate  foci. 

Lastly,  the  two  figures  182  and  18^  show  how,  in  the  one  ca.!ie, 
the  images  are  real,  inverted,  and  smaller  than  the  object,  and  in  thti 
other,  upright,  virtual,  and  larger  than  the  luminous  object.     To  cou- 
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struct  tlio  iiungc:)  geometrically,  uiid  to  account  for  theit  positions  aiid 
dtincnaioiis  cuiiipiireii  witli  those  of  tlie  object,  the  images  are  sought 
lit  each  extreme  jHiJnt  A,  it.  To  tins  end  we  joiu  ac,  bc  (these  are 
tlie  aecondary  axi-s);   then,  llifi  nws  pamllel  to   the  principal  axis 


ai-e  luflecteii  to  the  locus  F.  Tlie  points  of  contact  of  the  reflected 
iiiys  with  tlie  corrospondiiij;  secomlarj'  axis  yive  a  and  6,  iiDages  of 
the  extmniities  of  the  object.  This  coiialnictiou  is  easily  followed 
liy  meiiUH  of  the  figiKVS. 


DtoldKU. 


In  convi'x  niirnnn,  the  fwi  and  images  arc  always  virtual ;  and 
this  fact  is  iii'couiiti:il  fur,  if  we  follow  the  path  of  the  rays  and  lumi- 
nous pencils  for  cat-h  different  point  of  ii  luminou.s  ohjict  We  also 
see  why,  in  tliest-  minors  (Fi;;.  If*.")),  the  iiimjjc  ih  upright  and  always 
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smaller  than  the  object.  The  dimensions,  moreover,  become  smaller 
as  the  distance  from  the  object  to  the  mirror  augments.  If 
the  surface  of  the  mirror  is  very  large,  a  disfigaremeut  is  observed, 
which  is  more  apparent  as  the  surface  is  increased  in  extent.  Any 
one  may  see  this  by  looking  into  the  polished  balls  which  are 
placed  in  gardens,  and  in  which  the  surrounding  distant  country  is 
reflected. 


Wlien  we  examine,  in  a  spherical  mirror,  the  path  of  the  n-flected 
rays  proceeding  from  a  luminous  point,  situated  on  the  axis  at  any 
dwtiince,  we  see  that  the-se  rays  successively  cross  eacli  other,  first  on 
the  axis  in  its  different  points,  then  beyond  the  axis,  in  such  a 
manner  that  the  points  of  intersection  form  a  surface  which  geometei-a 
call  a  aivxtic.  At  all  the  jioints  of  this  surface  llie  light  is  nioK' 
coni'fiitrrtled  Ihiin  i^Wwhci-e,  and  its  miiximum  conccntratinu  is  nt  the 
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focus  of  the  given  point.  The  caustic  varies  in  form  with  the  position 
and  distance  of  the  luminous  point ;  but  the  existence  of  it  can  be 
proved  by  experiment 

Place  a  scitseu  of  white  cardboard,  cut  so  as  to  take  the  form  of 
the    mirror.      When 
this  is  exposed  to  the 
light  of  the  sun,  or 
to  that  of  a  lamp,  we 
perceive  on  some  por- 
tions of  tiie  screen  a 
brighter    liglit,    the 
ontUnee  of  which  in- 
dicate  the    form   of 
the  caustic,  which  is 
evidently  the    sams 
wliatever  may  lie  thi; 
position  of  the  screen 
as  regards  the  centre.     A   circular   metallic   plate,  polished   inside, 
and   placed   on   a   plane,  would   in   the  same  manner  indicate  tlie 
fonn    of    this    curve     for    a 
cylindrical   mirror  (Fig.  18r.). 
This    experiment    is    due    U> 
Brewster. 

When  a  plaas  full  of  milk  is 

exposed  to  the  rays  of  the  sun. 

or  still  better,  as  Sir  J.  Hcrschel 

stiites,  a  glass  full  of  ink,  we 

pei-ceive  on  the  surface  of  thi- 

li<jutd   a   bright   curved   line; 

it    is   the   intersection   of  the 

i-iii.  iwj-c.iwiiihj-n-n^-tion,  nuislic  of  the  cylindrical  coii- 

c  ive   mirror,  ivhich   the  glaa.« 

fonns   with   tho  limiting  i.lano  of  (lie  ]i(|uid  at  the  upper  surface 

(Fig.  1S7). 

In  optics  pamholic  concnve  iiiimiK  arc  largely  employed.  Tliesp 
posse.ss  the  property  of  cncentraling  rays  parallel  to  the  axis  of  the 
pambola  to  the  focus  of  tlii.t  uuive,  whitever  may  be  the  angle  of 
the  mirror,  and  tliey  nUu  send  hack  in  purallel  lines  all  the  light  rn>m 
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a  luminoua  object  situated  at  the  focus.     Splierical  mirrors  only  pro- 
duce this  result  when  the  surface  is  very  small. 

Convex  or  concave  cylliidrical  uiiiTors  produce  images  in  which 
the  dimensions  of  the  olijectn 
are  not  ultered  in  the  direction 
of  the  length  of  the  cylinder; 
but  which,  on  the  contrary,  are 
varied  along  in  a  direction  per- 
pendicular to  the  first,  that  is 
to  say,  along  the  circumference 
of  a  section.  The  rays  reflecti'd 
along  a  line  paiitUel  to  tlie  axis 
follow  the  path  whicli  they 
would  take  in  a  plane  mirror ; 
those  which  are  reflected  on  a 
circumference  follow  tlie  patli 
which  their  reflection  from  a 
spherical  mirror  wonhl  produce. 
If  the  cylinder  is  convex,  the 
images  will  always  be  narrower  in  tlie  dii  ect  ion  of  its  width ;  if  concnve, 
they  will  sometinios  he  nairower  and  sometimes  wider,  accordinji  to 
the  distance  of  the  object. 
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In  couvex  conical  mirrors  the  reflected  images  are  disfigured  iu 
the  direction  of  tlie  circumferences,  and  as  Uie  degree  of  curvature 
changes  from  tlie  base  to  the  apex,  a  narrowing  in  the  dimensions  is 
piTKluced,  which  is  more  considerable  as  they  approach  the  apex.  If 
the  conical  surface  were  concave,  the  form  of  the  image  would  be 
pyramidal,  hut  for  certain  positions  of  the  object  it  would  be  enlarged. 


In  botii  these  mirrors  the  reflection  of  himiuous  rays  always  takes 
place  rigorously  according  to  the  laws  wliich  we  have  stated ;  so  time 
we  can  take  odd  ami  deformed  drawings,  in  which  the  eye  cminot 
distingiti»li  imy  ligiiiv,  which  nevertheless,  wlien  rcflectwl   in  cylin- 
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ilrical  and  conical  mirrors,  present  a  faithful  representation  of  known 
objects.  The  name  of  anamorphosis  is  given  to  this  changing  of 
forms,  and  opticians  have  pictures  which  they  sell  with  conical  or 
cylindrical  mirrore,  in  which  the  lines  and  colours  have  been  com- 
bined to  pi'oduce  regular  images  of  landscapes,  persons,  animals,  &c 
(Figs.  188  and  189). 

We  have,  in  what  has  gone  before,  solely  considered  light  reflected 
regularly  from  the  surface  of  polished  bodies ;  and  the  phenomena 
produced  by  this  reflection  show  sufficiently,  as  we  have  stated  above, 
that  if  the  d^rea  of  polish  were  perfect,  the  reflecting  body  would  be 
invisible  to  us.  We  should  see  the  more  or  less  disfigured  image  of 
the  luminous  objects  which  surrotmd  it,  but  we  shotild  not  see  the 
mirror  itself.  And  if,  with  the  exception  of  the  sources  of  light,  all 
bodies  were  in  the  same  condition,  we  should  only  see  an  indefinite 
multitude  of  images  of  luminous  bodies,  of  the  sun,  for  example, 
without  seeing  anything  else.  In  a  dark  room,  if  the  solar  rays  fall 
on  a  mirror,  the  surface  of  this  latter  gives  a  dazzling  image  of  the 
sun ;  but  the  other  points  of  the  reflecting  body  are  only  slightly  visible 
by  the  irregularly  reflected  or  scattered  light.  It  is  this  light  which 
enables  the  mirrors  to  be  seen  from  all  parts  of  a  dark  room. 


The  proportion  of  specular  and  scattered  light  reflected  by  a  body 
varies  with  the  polish  of  its  surface,  and  also  with  the  nature  of  the 
body,  its  colour,  and,  lastly,  with  the  angle  of  the  incident  rays.  A 
piece  of  white  paper  reflects  light  in  every  direction ;  but  its  white- 
ness   is   brighter   the    more   perpendicularly   it   is   exposed   to   the 
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wniife  of  li^'ht.     iloivover.  if  tliu  olraerver  is  plAced  Sit  tiiat  be  t 
f  xiiiiiiiie  tile  surfiice  nf  tlie  iiajwr  in  diiections  more  and  ijnm-  oliltqui 
the  Itrifjlitiu'ss  of  the  scattere.l  li{;Iit  diininiBlies,  but  by  «iiy  of  c 
]it.'ii!«itiuii  the  eye  receives  un  inL-i-ea»iiig  number  of  rays  rv^ulu 
irfleeteii.     It  is  for  tliis  reason  that  on  placing  the  Hanne  of  a  c 
very  near  tlie  .snrfiu-e  uf  a  sheet  of  paper,  and  looking  iit  it  obliqoj 
ti>\vurds  the  candte,  that  a  very  distinct  image  is  seen  of  the  reSi 
tiauie  as  in  a  niirmr. 

When  we  say  that  scattei-ed  or  diffused  ligbt  is  Ir^ht  retl»c 
in-egiilarly,  we  do  not  mean  that  the  niys  of  which  it  is  c« 
follow  utiier  laws,  during  retlectiou,  than  light  T(>flect<<il  by  i 
The  irregnlarity  whiub  it  uiideiyoes  proceeds  from  thp  roughm 
the  surfatieof  tlie  dull  nmgb  bodies,  which  receive  tlm  light  l 
variinl  angles  of  int-idi>uce 
ili.4[)erse  it  in  evi-ry  din 
When  sneb  a  surfatiK  is  Iwikwll 
vrry  obliijuely,  the  runghnci 
hide  each  other,  and  the 
emanating  from  piiralh'l  soun 
in  the  general  direction  of  I 
Murface  become  more  and  i 
numerous,  which  expUiiis  tn 
increasing  proporliou  of  li^ 
regularly  reflected.  Titat 
i|iijnlity  of  light  r»tlucted  by  means  of  luirrora  varies  with  i 
('(indition  of  their  surface  is  not  to  lie  doubted.  A  pui;u  of  poluit 
jiIhm  liccomes  a  mirror;  uniMiIislied,  it  would  scarcely  scRtter  I 
dill'ustd  li^lit.  \V(iod,  marble,  horn,  and  numerous  oDier  substanoi 
aio  the  same.  But  the  reflecting  jiower,  if  we  give  thit*  i 
property  to  rt-Hect  li^ht  to  a  greater  or  less  oxte&t,  varies,  wid 
eijual  di;gr<;e  of  ]H>lish,  iicciriling  to  the  nature  of  the  MiliatailC^  ■ 
the  angle  of  i wideiice.  Of  a  hundnd  niys  of  light  receivrtl  by  wste 
glass,  polished  black  marble,  nien-iirj',  or  speculum  nii^tjU,  with  i 
ineidence  of  i)U°,  water  reflects  I'l,  ghi^s  54,  uinrble  60,  and  i 
and  speculum  luctal  70.  If  the  incidence  augments,  tJm  number  n 
n'fh'cleit  niys  dimiuislies  for  the  first  three  boJios  in  a  rapid  proporif 
lion,  and  at  the  most  is  no  more  than  2  or  :l,  at  fmrn  60°  to  90*; 
whil.sl,  under   this   lutU-r   inciilcntf,   nierciiiy  ii'lttrts   fiD   rays  ont 
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of  100.  1  >ark-coloureil  siihstaiiuus  rutleut  only  u  little  li^ht.  Lhiii]i- 
l>laclc  does  not  scatter  liglit,  and  reflects  but  a  sumll  amount. 

When  li<;ht  is  reflected  from  a  poliflhed  but  transiianiit  surface, 
images  are  produced,  but  tbey  are  very  feeble,  as  a  '^vioX  part  of  tbe 
incideat  light  passes  through  tlie  aubstance.  'fliis  is  tlie  reason  why 
min'ors  and  ordinary  looking-glasses  are  tinned  at  the  biuk,  and  the 
images  are  thus  formed  on  an  upapue  body  of  good  polislt. 

Hut  unliuned  glasses  could  be  used,  and  they  give  go<nl  coloui-ed 
and  very  bright  images  when  the  objects  whii'h  tliey  retltct  are  well 
lighted,  and  when  the  sjiacc  which  suiTounds  them  is  at  the  stuae 
time  in  relative  darkness  and  receives  little  or  no  ditfuned  liglit. 
Such  is  the  principle  of  the  fantastic  apparitions  known  at  theatres  as 
'  Ghosts'  (Fig.  192), and  which  have  been  i-eccutly  used  with  success 
in  the  drama. 

The  room  in  which  thr-  spectators  an;  seiited  is  in  darkness, 
ami  the  stage,  se^wrateil  from  the  room  by  a  sheet  of  plate  ghiss 


is  HO  slightly  lighted  up,  that  the  glass  is  iiuile  invisible.  By  giving 
to  this  an  inclined  position  (Kig.  lf*S),  it  I'etlerls  the  image  of  a  person 
who  is  strongly  illuminated  and  stau'is  under  tlif  front  purl  "f 
the  stage,  called  the  first  sub-stage.  The  actor  is  seen  apparently 
on   the   ^tiige  by  the   "portator  ns"  «  virtual  image,  animated,  and 
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tlie  actions  of  the  i)erfomier  can  thus  be  seen  in  a  way  to  delude 
the  spectators  and  make  them  believe  in  the  appearance  of  a  real 
intangible  phantom.  The  necessity  of  giving  to  the  glass  an  inclined 
position,  in  order  to  make  it  reflect,  causes  the  ghost  to  appear 
inclined  towards  the  spectators,  and  this  defect  is  especially  per- 
ceptible to  the  spectators  sitting  at  the  sides. 


REFK ACTION  OF  LIGHT. 


REFKAUTION    OF    LKJUT. 

Bent  stick  in  water  ;  elevution  of  the  bottom  of  TesaeU. — Lritb  of  the  refraction  of 
light;  eiperimentiil  treriticntion.  —  Imien  of  refraction.  —  Total  reflection,— 
Atmospheric  refnictloD  ;  distortion  of  the  sun  tit  the  horizon. 

TtTHEN  a  straight  stick  is  tlintst  into  clear  water,  that  part  of 
' '  it  which  is  beneath  the  lit^uij  does  not  appear  to  be  coutinued 
in  a  straight  liDe.  The  stick  seems  to  be  beiit  from  the  surface  of 
the   water,   and   the   eqd   wliich    is   immersed   rises    as    if   it    had 


diminished  in  length.  If  tlie  stick  is  placed  vertically,  or  il  tiio 
eye  receives  the  visual  rays  in  a  direction  which  causes  it  to  bo 
seen  as  if  it  were  vertical,  the  stick  no  longer  appears  bent,  but 

m  T    2 
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simply  shortened.  Tliis  phenonienoD  is  easily  proved  by  putting 
the  end  of  a  peucil  into  a  tumbler  full  of  water. 

If  before  filling  a  vessel  with  transparent  liquid  we  look  at  the 
bottom  of  the  vessel  over  the  edge  from  a  fixed  position,  and  if, 
without  removing  the  eye  from  its  place,  water  is  poured  gently  in, 
the  bottom  of  the  vessel  appears  to  rise  gradually,  and  at  last  seems 
much  higher  than  before. 

To  make  this  experiment  more  evident,  put  a  piece  of  money  on 
the  bottom  of  the  vessel  in  such  a  position  that  the  edge  of  the 
vessel  entirely  hides  it  As  the  level  of  the  water  rises  the  object 
becomes  visible  and  appears  to  rise  with  it,  and  takes  the  apparent 
position  indicated  in  Fig.  105. 


of  Il^l.     tppinDt 


We  have  all,  moreover,  noticed  that  objects  seen  through  a  flask 
of  clear  water  appear  enlarged,  distorted,  and  removed  from  their 
real  position.  If  we  follow  the  movements  of  fishes  as  they  swim 
about  in  glass  globes,  it  is  surprising  to  see  these  animals,  sometimes 
disappearing,  sometimes  becoming  considerably  larger,  and  sometimes 
gradually  diminishing,  until  we  sec  them  in  their  actual  dimensions. 

All  these  phenomena  are  due  to  what  physicists  call  the  refrac- 
tion of  light — that  is  U)  say,  to  the  deviation  which  luminous  rays 
undergo  when  they  pass  obliquely  from  one  medium  into  another, 
for  example,  from  air  into  water. 

Wheu  light  leaves  a  luminous  or  illumiuated  object  it  moves  in 
n  right  line — as  we  have  just  seen — provided  that  the  medium 
through  which  it  passes  is  homogeneous.  Thus,  the  rays  which 
enable  us  to  see  the  end  of  the  stick  in  the  water  are  rectilinear 
80  long  as  their  passage  is  through  water,  which  is  a  homogeneous 
medium.  The  path  followed  by  the  same  rays  in  leaving  the  liquid 
surface   and   passing  to  our  pye   is  likewise  rectilinear,  because  it 
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takes  place  through  another  homogeneous  medium.  But  the  second 
direction  is  not  a  continuation  of  the  first,  and  the  complete  course 
followed  by  the  luminous  rays  forms  a  broken  line,  the  angle  of 
which  has  its  highest  point  at  the  common  angle  of  incidence,  at 
the  separating  surface  of  the  two  media. 

Similar  phenomena  take  place  in  all  kinds  of  liquids,  in  trans- 
parent solids  like  glass,  and  also  in  gases ;  only,  as  we  shall  presently 
see,  the  deviation  varies  with  the  nature  of  the  medium. 

The  principal  phenomena  connected  with  the  refraction  of  light 
were  examined  long  ago,  and  the  appearance  of  objects  when  seen 
through  clear  water  was  doubtless  observed  in  very  remote  ages. 

The  ancient  astronomers,  Ptolemy  for  example,  noticed  the  effects 
of  atmospheric  refraction,  that  is,  the  deviation  which  the  luminous 
rays  from  the  stars  undergo  in  passing  from  the  vacuum  of  planetary 
space  through  the  denser  medium  of  our  atmosphere.  But  it  was  not 
until  the  commencement  of  the  seventeenth  century  that  a  young 
Dutch  geometer,  Willebrod  Snell,  discovered  the  cause  of  this  devia- 
tion, and*  the  laws  which  govern  the  passage  of  a  luminous  ray  when 
it  passes  obliquely  from  one  homogeneous  medium  to  another.  These 
laws  sometimes  bear  the  name  of  Descartes,  because  this  great  mau 
discovered  them  in  his  turn,  or  at  any  rate  explained  them  under  a 
form  which  is  still  retained  in  science. 

Let  us  examine  the  nature  of  these  laws.  In  order  to  prove  them 
experimentally,  a  ray,  or  a  bundle  of  rays,  is  caused  to  fall  obliquely 
on  the  surface  of  a  liquid  contained  in  a  semi-cylindrical  glass  vessel 
placed  within  a  graduated  circle,  and  the  angle  which  the  path  of  the 
ray  makes  with  the  vertical  is  then  measured:  this  is  the  angle  of 
incidence.  The  ray  enters  the  liquid,  is  then  broken  or  refracted,  and 
is  seen  to  approach  the  vertical  line.  The  angle  of  refraction  is 
smaller  than  the  angle  of  incidence. 

If  we  vary  the  angle  of  incidence,  the  angle  of  refraction  varies 
also ;  and  we  do  not  at  once  perceive  the  relation  which  exists  between 
these  variations.  But  because  the  refracted  ray  is  always  in  the 
plane  of  the  graduated  circle  as  well  as  the  incident  ray, — and  it  is 
the  same  with  the  vertical, — it  follows  that  the  first  law  can  be 
determined,  which  is  as  follows: 

When  a  luminous  ray  passes  obliqiiely  from  ane  medium  into 
another y  it  is  bent  aside,  and  both  the  incident  and  the  refracted  ray 
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irnuiin  in  t/ie  sntitc  perpend  if  idar  plane,  normal  to  ike  surface  of  sepa- 
ration of  the  meiliiiin.  We  may  also  add,  that  if  the  ray  of  liglit 
enters  perpendicularly  to  the  surface,  it  continues  its  path  in  tlie 
same  tiii-cction.     There  is  no  refniction  for  the  normal  incidence. 

Fig.  196  represents  the  instrument  as  arranged  for  proving  the 
second  law. 

Tlie  incident  ray  coming  from  the  sun,  for  inatauce,  falls  at  i  un 
ii  mirror  inclined  in  such  a  manner  aa  to  reflect  it  iu  the  direction 


of  the  L'untre  throngli  a  littlu  hole  in  a  iliaphragm.  An  index, 
furnished  with  a  point  at  its  extremity,  indicates  the  ilirection  of  the 
incident  ray,  aud  the  line  nit  can  he  measured  on  the  horizontal 
divided  scale,  which  can  be  moved  up  or  down.  This  Hue,  or,  better, 
it9  rolatinn  (o  the  length  of  the  rny  0((,  is  wliat  geometers  call  the 
nine  of  (lif  ntii/lf  of  inciilenre.  Another  index,  also  furnished  with  a 
diaphriigui  pit-reed  with  a  IidIc,  iTceivo.s  tlic  n-fracted  luminous  ray 
after  its  pas-in^e  through  the  water,  and  n  h  is  iiu'iwuit-d  on  the  scale, 
wJiich  give.-i  fh~  xin<-  •>/  thr  nmjh  <if  lyfr'nliun.      Ijet  us  observe  that 
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the  luminous  ray,  on  emerging  from  tlie  water  into  the  air,  does  not 
undergo  a  new  n^fraetion,  as  it  passea  out  by  an  incidence  normal 
to  the  surface  of  the  cylindrical  vessel. 

Let  us  suppose  that  the  first  observation  gives  us  two  sines,  such 
that,  by  dividing  that  of  the  incidence  by  that  of  the  refraction,  the 
quotient  or  result  is  the  number  1 1535.  If  we  repeat  the  ex]ierinieiit 
several  times,  changing  the  direction  of  the  incident  ray,  we  find  in 
each  fresh  experiment  the  qnotieiit  of  the  sines  of  incidence  and  refrac- 
tion will  continue  to  be  1335  ;  and  it  will  be  the  same  as  long  as  the 
two  media  are  air  and  water.  But  this  number,  which  is  called  the 
index  of  refraction,  varies  when  one  of  tlie  media  is  changed,  or  when 
lioth  change;  thus,  from  air  to  glass,  tlie  index  of  refraction  is  no 
longer  equal  to  that  from  air  to  water.  It  has  also  been  found 
convenient  to  calculate  the  indices  of  all  transparent  bodies,  on  the 
supposition  that  the  light  passes  from  a  vacuum  into  each  of  tliem. 
By  this  means  absolute  indices  are  obtained.  Generally  s^)eaking, 
the  refraction  increases  with  the  density  of  the  sexrond  medium, 
although  there  are  many  exceptions.  Thus,  the  refractive  power  of 
a  inedinm  very  usually  increases  with  its  density. 

The  second  law  of  refraction  of  light  may  be  thus  stated  : 

For  the  same  two  media,  th^  quotknt  of  the  siafs  of  the  uttt/lci  nf 
incidence  and  refraction  is  a  coiuitaiU  uundxr,  whatever  the  incidcm-e 
■May  be. 

The  laws  we  have  just  studied  indicate  the  path  which  li^ht 
follows  when  luminous  rays  pass 
from  one  medium  to  another.  But 
this  path,  as  both  reasoning  and 
experiment  prove,  remains  the  same 
if  the  light  passes  from  the  second 
medium  into  the  first.  Then  tlie 
incident  ray  becomes  the  refracted 
ray,  and  vice  vertid.  For  example, 
if  the  luminous  point  is  in  the  water 
at  a,  the  my  which  falls  at  the  point 
I  of  the  surface  will  be  deviitted 
from   the  perpendicnlar,  following 

llie  direction  IR;  the  path  sir  will  Ije  the  same,  only  reversed,  as 
if  the  incident  ray  had  been  at  Ul ;  yo  that  the  angles  of  incidence 
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Htid  rffraction  will  have  iiiveraeil  sines,  tlic  <|notieiit  or  wbicli,  liuw- 
ever,  will  l>e  always  cuiistant. 

Tlu'se  luwa  uccoimt  fur  tlie  piK'Tinineua  descrihed  at  the  cominence- 
nient  of  the  chapter.     TIte  eye 
which  examiues  the  end  <^  a 
>^Br      ^^i<^  in  water,  sees  it  by  means 
^3/^^^^        of  the   liiminoiLs    rays  which 
,***^  this  extremity  senda  to  the  sur- 

face ;  which  rays  are  refracted 
the  more  aa  their  incidence  is 
more  obliqae.  The  pheoome- 
nuD  is  therefore  the  same  as  if 
the  luminous  point  were  situ- 
ated at  the  point  of  conver- 
gence of  these  raya,  and  the 
in   reality   sees   iW    end   of    the    stick    in   this    point.     Hie 


t-aiiie   efl'fct  is  produced  for  all   intermediate  points,  and   the  stick 
appears  bent.      Tlie  same  explanRtion  accoiintB  for  the  elevation  of 
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tlie  bottum  of  vessela  filled  with  liquid.  Even  when  we  look  at 
the  bottom  in  a  petpeiidicular  directiou,  the  effect  is  produced, 
because  the  eye  does  not  receive  a  single  ray,  but  a  bundle  of  rays, 
which  diverge  more  on  passing  through  the  air,  on  account  of  re- 
fraction, tlian  through  the  liquid.  The  point  then  appears  to  rise 
towards  the  surface  from  o  in  o'  (Fig.  199). 

A  singular  phenomenon  called  t<A(d  re^tion  results  from  the  laws 
of  refraction,  which  may  be  proved  by  experiment.  Let  us  imagine  a 
luminous  point  placed  in  water,  at  the  Iwttom  of  a  vessel.  This  point 
sends  out  nys  of  light  in  every  possible  direction  at  the  surface  of 
separation  of  the  air  and  water.  Now,  do  all  these  rays  emerge  ? 
We  shall  see  that  this  is  impossible,  and  that  there  is  a  certain  angle, 
variable  with  the  nature  of  the  medium,  beyond  which  the  luminous 


Pio.  too.— Total  nfltt'lioD.     Umlllng  angle. 

my  cannot  jkenetrate  into  a  less  rt^lraciive  iiiediuii).  Indeed,  since  the 
angle  of  refi-actiou  is  greater  than  the  angle  of  incidence,  a  moment  will 
Hrrive  when  the  first  angle  baviiiy  become  a  right  angle,  the  angle  of 
incidence  o  i  n'  is  still  less  than  a  right  angle.  The  refracted  ray  no 
longer  enieiges;  it  grazes  the  horizontal  sui-face  of  the  liquid.  Beyond 
this,  the  angle  of  incidence  always  increasing,  the  angle  of  refrac- 
tion would  liecoine  greater  than  a  right  angle.  In  this  case  the  ray 
rrtnrns  into  the  liquid,  and  is  reflected,  according  to  known  laws,  to 
the  inner  surface  of  separation.  As  in  the  least  incidences  the  emer- 
gence is  not  complete,  and  there  is  a  partial  retiectiun  of  the  rays,  so 
when  the  emei^'ence  is  nil,  tliei-e  is  said  to  be  a  total  reflection.  All 
tlie  luniinouR  itiya  wliiili,  coming  from  n,  cut  the  surface  of  seiMi-aliiin 
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uf  tlie  two  media,  are  thuH  divided  into  two  portions:  the  first, 
containing  tlioae  wliicli  emerge,  forms  the  cone  of  refracted  rays  ;  the 
second  ia  composed  of  all  the  mys  which  cannot  emerge,  and  wliich 
are  therefore  retlecled  back  into  tlie  interior  of  the  most  refractive 
medium. 


We  name  llir  limitimj  iiwjle  that  l>eyond  which  the  totivl  reflection 
iiimmencea.  Tliis  iui'^le  is  nljout  48J°  for  mys  whicli  are  refracted 
from  wiiter  into  air,  while  it  is  only  4r  frmn  spinas  to  air. 

A  very    simple    experinifnt    ]ir<ives    the   pheimmpniin  of   total 
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reflection,  and,  at  the  8»ine  time,  ahows  that  reflection  thus  obtained 
exceeds  in  brightness  all  those  which  are  obtained  directly;  for  ex- 
ample, at  the  surface  of  mercury  or  polished  metals.  A  glass  of 
water  is  held  in  such  a  position  that  the  surface  of  the  liquid  is 
above  tlie  eye  (Fig.  201).  If  we  look  obliquely  from  below  at  this 
surface,  it  appears  brighter  than  polished  silver,  and  seems  to  possess 
a  metallic  brilliancy.  Tlie  upper  part  of  an  object  plunged  in  the 
water  is  seen  reflected  as  in  a  mirror. 

A  diver,  immersed  in  perfectly  still  water,  and  having  his  eyes 
directed  towards  the  surface  of  the  liqnid,  would  witness  singular 
jihenomena.  Refraction  will  cau.se  him  to  see,  in  a  circle  of  about 
f7  degrees  in  diameter,  all  the  objects  situated  above  the  horizon, 
more  distorted  and  narrowed,  e8i>ecially  in  heigbt,  as  they  approach 
the  sensible  horizon.  "  Beyond  this  limit,  the  bottom  of  the  water 
and  the  submerged  objects  would  be  reflected,  and  would  Ije  pictured 
to  the  sight  as  distinctly  as  by 
direct  visiou.  Moreover,  the 
circular  space  of  which  we 
have  spoken  would  appear  to 
be  surrounded  by  a  perpetual 
rainliow,  coloured  slightly,  but 
with  much  delicacy."  (Sir  J, 
Herschel.) 

Tiie  phenomenon  of  total 
reflection  also  explains  liow  it 
happens  that  an  isosceles  and 
rectangular  glass  prism,  fitted 
to  the  opening  of  the  shutter 
of  a  camera  obscura,  intercepts 
all  the  light  coming  from  the 
outside,  and  leaves  the  room 
in  the  most  complete  obscurity. 
by  its  perjiendiciilar  side  do  not  suffer  refraction,  but  when  they 
have  arrived  at  the  oblique  surface,  the  angle  of  incidence  is  4-^ 
degrees ;  that  is  to  say,  greater  than  the  limithig  angle.  The  total 
reflection  hikes  plnce,  and  there  is  no  emorgonce.  The  niys  which 
alone  could  enter  wouM  lie  due  to  oblitjue  iticidcnct'H,  which  aw 
prevented  by  the  tube  containing  the  prism. 


Tlie  rays  which  enter  the  jinsm 
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The  phenomenon  of  refraction  occurs  whenever  a  ray  passes 
obliquely  from  one  medium  into  another,  provided  that  they  differ  in 
nature  and  density.  It  is  evident,  then,  that  the  luminous  rays 
emanating  from  planets,  the  sun,  the  moon,  and  iixed  stars,  which,  after 
having  travelled  through  the  celestial  space,  have  to  traverse  the  strata 
of  our  atmosphere  before  reaching  the  eye,  are  subjected  to  refraction. 
Hence  then  we  do  not  see  these  bodies  in  the  direction  of  the  right 
lines  which  really  join  each  of  them  to  the  position  which  we  oqcupy 
on  the  surface  of  the  earth.  There  is  no  exception  except  for  those 
situated  at  the  zenith  of  each  horizon.  Atmospheric  refraction 
depends  on  the  angular  height  of  the  body  observed  above  the 
horizon ;  it  depends,  likewise,  on  the  law  which  regulates  the  decrease 


Fia.  SOS.— Atmospheric  renraction.    The  effect  on  VtM  rising  and  setting  of  stars. 


of  density  of  the  strata  of  air  constituting  the  atmosphere.  As  we 
have  at  present  very  uncertain  data  concerning  this  law,  it  would  be 
very  difficult  to  measure  directly  the  deviations  which  correspond  to 
the  various  heights  of  bodies.  Happily,  astronomy  has  come  to  the 
help  of  physics.  As  the  angular  distance  of  a  star  from  the  celestial 
pole  remains  invariable,  it  follows  that,  whatever  may  be  the  height 
to  which  the  diurnal  movement  brings  it  above  the  horizon,  the  diflfer- 
ences,  which  observation  indicates  between  the  distances  obtained 
from  the  greatest  elevation  and  at  the  horizon,  can  only  proceed  from 
atmospheric  refraction.  Hence  it  is  possible  to  construct  a  table  of 
astronomical  i^efractions  from  the  horizon  to  the  zenith. 
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At  the  horizon  the  refraction  is  nearly  34'.  As  the  diameters 
of  the  sun  and  moon  have  a  less  value,  it  follows  that  at  sea,  when 
no  object  hides  the  horizon,  the  disc  of  the  sun  at  sunrise  would 
appear  entirely  above  the  liquid  surface  before  the  top  of  that 
luminary  had  emerged  above  the  real  horizon.  The  day  is  thus 
found  lengthened  in  the  morning  by  refraction,  and  the  same  thing 
happens  in  the  evening  with  the  setting  of  the  sun. 

The  same  phenomenon  accounts  for  the  peculiarity  observed 
in  many  eclipses  of  the  moon,  that  the  latter  body  is  seen  eclipsed, 
while  the  sun  is  still  visible  above  the  eastern  horizon.  Lastly,  it  is 
atmospheric  refraction  which,  in  total  eclipses  of  the  moon,  allows 
a  certain  number  of  solar  rays  to  reach  our  satellite,  preventing 
its  disc  from  being  completely  invisible.  This  disc,  then,  presents  a 
very  marked  reddish  colour,  similar  to  the  tint  of  the  atmosphere 
at  sunset. 
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lt?;KBACTION'   OF   LIGHT. — PKISMS  AND  LESSK3. 


TrangpaT«nt  plateH  with  parallel  fuces  ;  deviation  of  luminoiu  njs. — Multiple 
images  JD  a  silvered  luiiTor.— PriBma.— Pheuomeua  of  refraction  in  piismB.— 
CoDVe^nK  und  diverging  lenseB. — Real  and  virtual  foci  of  coDvergiug  len*M ; 
reiki  and  virtual  images. — Foci  and  images  of  diverging  lenaea. — Dark  cbsinber. 
—  Megascope. — Magic  luiitem  and  phantaacope.— Solar  microacope. 

\1/"HE\  a  huninoiia  \nt\\\l  is  cvatnined  through  a  plate  of  transparent 
*'  sxibstance,  glass  for  instance,  tlie  two  plane  faces  of  which 
are  parallel,  if  the  eye  and  the  luminous  point  are  on  the  eaine 
poi-pendicular  in  reguitl  to  the  plate,  the  luminous  point  is  seen 
in  tlie  direction  where  it  would  be  seen  without  the  interposition 
of  a  refractive  medium.  This  is  the  case  because  there  is  no  refnie- 
tioti  for  normal  ray3,  that  is  for  rays  falling  |>erpentlicnlarly  on  a 
surface. 


Hut  the  same,  result  does  not  take  place  in  the  case  of  an 
obliiiiie  incidence,  for  then  the  position  of  the  luminous  point  is 
altered,   and   the    deviation    may   lie   rendered   evident    by  a  very 
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simple  experiiiieitt.  Take  a  sheet  of  glass,  place  it  upon  a  piece 
of  paper,  upou  whicU  straight  and  curved  lines  have  been  drawn 
in  sucli  a  manner  that  the  gloss  only  cuvcrs  one  part  of  the  lines. 
If  we  look  at  it  perpendicularly,  we  shall  observe  that  tlie  lines 
seen  through  the  glass  are  a  cootinuatiou  of  the  lines  seen  by 
dii-ect  vision.  If  we  look  at  it  obliquely,  we  shall  notice  a 
deviation,  a  solution  of  continuity,  the  more  marked  as  the  inci- 
dence of  the  luminous  rays  is  more  oblique.  This  deviation  is 
due  to  refraction,  and  it  increases  with  the  thickness  of  the  plates. 

It  evidently  follows  from  this  that  transparent  plates,  such  as 
window  pane.<<,  and  the  glass  used  to  cover  engravings,  distort  the 
images ;  but  this  defect  is  scarcely  perceptible,  and  is  rarely 
remarked. 

\Vhen  we  speak  of  deviation,  we  mean  lateral  displacement,  for 
the  luminous  ray  which  traverses  oue  or  more  plates  with  parallel 
faces,  presences  after  its  emer- 
gence a  direction  parallel  to  that 
of  the  iucident  ray,  as  shown  in 
Fig.  20ri.  This  property  is  a  coii- 
seiinence  of  the  parallelism  of  the 
normals  to  the  points  of  incideniu- 
and  emergence  as  well  as  of  the 
laws  of  refraction  for  two  nii'cliu, 
the  refractive  power  of  wliicli 
\9,   known.     Experiment    pi-oves 

that  the  rays  are  always  parallel  when  they  emei^e,  after  having 
ti-avei-sed  any  nnmlHir  of  plates,  even  when  these  plates  are  not 
fonneil  of  tlie  .same  substances  and  when  they  are  not  all  parallel 
to  each  other;  and  tlieory  foresaw  this  result.  A^'aiii  tlie  same  result 
is  produced  when  plates  of  ditlerent  substances  are  so  arranged. 
The  lateral  di-splacenient  depenfh,  in  every  case,  on  the  refractive 
pt)wer  of  the  substances  and  tlie  thickness  of  the  plates. 

If  we  place  a  candle  in  front  of  a  silvered  miiTor,  and  hold 
it  oblii|iiely  so  as  to  examine  the  ima;;e,  we  shall  perceive,  before 
the  brij;lit  image  forinetl  on  the  iinier  silvered  face,  a  more  feeble 
image  pnx'«edin;i  fnim  tlie  outer  face  of  the  tilass,  and  also  a 
series  of  images  .still  less  brilliant  behind  the  first.  These  latter 
images  arc  diie  to  the   rays  which,  after   being   refracled   tlie  first 
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time  in  the  thickness  of   the  plate,  are    partially  reflected   by  the 
silvered   surface  and  by  the  interior  surface  of  the  external  plane 


of  the  niirmr.     Fig.  208,  wliirh  gives  the  successive  path  i>f  these 
niys,  nceouiits   for  the  pheiiiniK'noii  we  have  JHi»t  described. 
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We  will  now  examine  the  phenomena  which  depend  ou  t)ie 
refraction  of  light,  when  it  traverses  a  refractive  medium,  the 
plane  faces  of  which  are  not  parallel,  that  ia  to  say,  in  prisms. 

Fig.  209  shows  both  in  perspective  and  in  section  the  geometi-ical 
ftam  of  a  prism  as  used  in  optics.     For  the  convenience  of  experi- 
ment, the  prism  is  mounted  on 
a  Btand,  in  such  a  manner  that 
it  can  be  turned  ronnd  or  in- 
diiMd  at  will  (Fig.  210). 

13ie  effect  of  a  prism  on  a 
laminoiu  ray,  which  enters  ob- 
liqwlj  at  one  of  its  faces,  tra- 
verses the  prism,  and  emerges 
from  the  other  face,  is  to  de- 
viate the  ray  towards  the  side 
which  constitutes  the  base.  It 
is  sufficient  for  us  to  examine 
Fig.  211,  which  shows  the  path 
of  the  incident  and  refracted 
rays,  to  prove  this :  the  inci- 
dent ray  b  i  after  the  first  re- 
fraction takes  the  path  I  E  in 
the  prism,  is  again  refracteil 
on  emerging  fn>m  the  prism, 
and  finally  issues  in  the  direc- 
tion EK.  This  is  confirmed  by 
observation,  for  if  we  examine 
an  object  through  a  prism,  by 
placing  its  edge  in  a  horizontal 
position,  the  image  appears  y,,^  ,^^  _d,,;i.u-o  ..t iiiiiiiu,.u.  ™s»  i.j  |.nsii» 
raised  up.  if  the  base  is  be- 
low ;  and  it  is  lowered,  if  the  buss  occupies  the  reverse  po.sitton.  In 
fact,  the  eye  sees  the  Iiimiit<ins  point'*  in  the  direction  of  the  mya 
wliich  leave  the  pri.sin.  If.  as  we  have  just  seen,  the  bundle  of  mys 
diverges  and  approaches  the  base  of  ihe  prism,  their  convergence 
will  tiike  place  towards  the  summit,  and  the  eye  will  see  the 
point  raised  or  hiwei-ed  according  as  the  base  is  alwve  or  below 
the  opposite  angle. 
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Tlie  devialioii  of  tlio  niyn  iiicrvoaes  wiili  tlie  anj>le  of  tbe  prisin, 
when  tlio  iid^Il'  of  iiiciiience  of  the  rays  remains  tlie  same.  For 
Dili  same  ]irisiii,  in  piopurttuii  as  tbe  incident  ray  appnxiclies  tli« 
noriniil  the  angle  of  uiiiergetice  incicases,  and  there  is  a  direction 
ill  which  tlie  rays  attain  the  limiting  angle  of  total  reflection,  when 
tlit-re  is  no  ntorc  ciiiergt'iiue.  Thia  dri>ends,  however,  on  the  sub- 
stance of  which  the  jiiisni  is  composed. 


Ill  the  case  of  a  jj'"**"  prism  of  40°,  all  rays  whicb  fall  below 
iho  normal  towards  the  base  oaiinot  emei^'e ;  but  those  which  fall 
linvanls  the  summit  licioiue  emergent  mya.  If  the  angle  <»f  the 
]irism  is  doulilc,  that  ia  to  say,  a  right  luigk,  no  himinons  my, 
whatever  may  Ui  its  incidence,  cuii  emcrjio  out  of  the  prism;  so 
lliat  sudi  a  prism,  with  a  hlarki'ned  I'aac,  If  phiced  nt  tin-  ojieuiiig 
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of  a  shutter  in  a  dark   ruoiu  in  a  transverse   positiuu,  aud   tM>  us 
to  close  tlie   opening,  would  allow  no  luminous  ray  to  enter. 

We  shall  presently  describe  otlier  phenomena  of  great  intei-est, 
obtained  by  the  aid  of  prisms,  through  u'liioh  \ayn  from  different 
light-sources  pass ;  phenomena  whiuh  show  that  white  light  is 
formed  of  a  multitude  of  rays  of  different  colours,  each  being 
refracted  la  a  different  degree.  This  is  called  the  decomposition 
or  dispersion  of  light  But  having  now  dealt  with  deviation,  we 
must  first  consider  the  path  of  a  ray  when  it  traverses  transparent 
media  with  curved  surfaces. 


If  we  construct  of  glass,  or  of  other  transparent  substance,  a 
disc  with  two  convex  faces,  that  is  to  say,  two  segments  of  a 
sphere  with  their  bases  in  conjunction,  we  have  what  is  called  a 


lens.  The  name  is  taken  from  tlie  i-eseniblance  which  exists  between 
tlie  form  of  such  a  mass  and  that  of  the  well-known  vegetable — 
the  lentil. 

There  are  various  kinds  of  lenses ;  that  which  we  are  about  to 
describe,  which  forms  the  instrument  called  the  magnifying  glass, 
is  used  by  almost  every  one,  as  for  instance  naturalists,  engravers, 
watchmakers,  &c.,  who  wish  to  enlarge  the  smallest  parts  of  objects, 
so  as  to  be  able  to  see  them  in  detail. 

There  can  be  no  doubt  that  glass  lenses  and  tlieir  magnifying 


292 


PHYSICAL  PHENOMENA. 


[book  ui. 


effects  have  been  known  for  ages.  Analogous  objects  have  been 
found  in  the  ruins  of  Nineveh,  Pompeii,  and  Herculaneum.  Spec- 
tacles have  been  used  in  Europe  since  the  beginning  of  the 
fourteenth  century.  But  it  is  only  for  the  last  three  hundred 
years  that  the  knowledge  of  the  laws  of  refraction  have  enabled 
opticians  to  construct  and  to  combine  lenses,  so  as  to  obtain  various 
desired  effects  with  accuracy. 

Physicists  have  extended  the  name  of  lenses  to  all  transparent 
masses,  terminated,  at  least  on  one  side,  by  curved,  spherical,  or 
cylindrical  surfaces,  even  when  these  surfaces  are  concave  instead  of 
convex,  as  in  the  magnifying-glass.  More  often,  and  indeed  when- 
ever the  contrary  is  not  stated,  the  surfaces  of  lenses  are  both 
spherical ;  or  one  may  be  plane,  and  the  other  spherical  We  shall 
thus  regard  a  lens  throughout  this  work.  All  lenses  may  be  con- 
veniently grouped  in  two  classes,  according  to  the  path  which  the 
light  which  traverses  them  follows.    Some,  as  in  the  magnifying  glass, 
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Fi«.  214.— C'oiiv«TKliiglMi»eii.— Bii'onvex  leni; 
plano-convex  lens ;  couverging  menitciu. 


Fio.  216.  —  Diveiging  lenMS.— Bi-coiir«v«  I^m  ; 
plano-eoneave  lena ;  di?eiging  meniacm. 


are  converging,  that  is  to  say,  the  luminous  rays  after  their  passage 
through  the  lens  are  drawn  together ;  others  are  diverging,  because, 
on  the  other  hand,  the  rays  become  more  distant  fix)m  each  other,  or 
diverge  either  on  entering,  or  issuing  from,  the  refractive  medium 
of  which  they  are  formed.  These  can  be  very  simply  distinguished 
at  first  sight,  for  converging  lenses  are  always  thicker  at  the  centre 
than  at  the  circumference,  while  diverging  lenses  are  thinner  at 
the  rentre  than  at  the  circumfprence. 
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The  type  of  converging  lenses  U  the  ma^ifyiug  glasa  or  binxHivex 
lens,  the  two  surfaces  of  which,  generally  of  the  same  ourre,  are 
convex.  Next  we  have  the  plano-convex  lens,  one  itirfaua  of  which 
is  plane,  the  other  convex.  Lastly,  the  third  converging  lens  is  the 
converging  mmiteut,  one  surface  being  concave  and  the  other,  a 
more  decided  curve,  ia  rounded  or  convex.  Fig.  211  gives  the  form 
of  each  of  these  lenses  seen  edgewise,  supposing  the  section  to 
be  made  in  the  direction  of  diameter. 

The  type  of  diverging  lenses  is  the  bi-concave,  formed  of  two 
concave  surfaces.  Next,  the  plano-concave  lens,  one  surface  being 
concave,  the  other  plane ;  and  the  diverging  meniscus,  the  two  sur- 
&ces  of  which  are,  one  convex,  the  other  concave,  this  latter  having 
a  sharp  curve. 

We  may  also  state  that  the  principal  axis  of  a  lens  is  the 
r^ht  line  which  passes  through  the  centres  of  the  spheres  to 
which  their  surfaces  belong  or,  if  one  of  these  is  plane,  the  line 
which,  from  the  centre  of  the  curved  surface,  falls  perpendicularly 
on  the  plane  surface.  In  converging  lenses,  the  axis  passes  through 
the  lens  at  its  greatest  thickness ;  while  with  divergent  lenses  it 
is  the  reverse. 

Without  the  aid  of  experiment,  the  known  laws  of  refraction 
indicate  to  us  that  a  ray  of  light 
which  is  propagated  in  the  direction 
of  the  axis,  will  traverse  the  lens 
without  deviation  and  will  continue 
its  path  in  the  line  of  the  axis, 
exactly  as  if  it  normally  traversed 
a  plate  with  parallel  faces. 

There  are  other  lines  which  have 
an  analogous  property,  and  which  are 
called  secondary  axes.  They  are  those 
lines  which  cut  the  principal  axis  at 
the  middle  of  the  maximum  or  mini- 
mum thickness:  loi'  (Fig.  216)  is  a  secondary  axis  in  each  of  the 
lenses  represented.  When  a  luminous  ray  ki  on  entering  follows  the 
direction  of  one  of  these  lines,  it  emerges  in  a  direction  n'i'  parallel 
to  that  of  the  incident  ray;  and  as  the  thicknesses  of  lenses  are 
ijenerally  very  sinnll,  it  may  be  said  that  the  incident  ray  and  the 
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emergent  ray  pass  iii  tlie  diractioQ  of  the  secondary  axis.  The 
optical  centre  of  a  leiia  is  the  point  where  the  principal  axis  and 
the  secondary  axes  meet.  The  optical  centre  is  still  in  the 
interior,  if  the  two  surfaces  have  not  the  same  curvature,  but  it  is 
HO  longer  situated  at  an  ef^ual  distance  from  the  two  surfaces.  For 
plano-convex  and  plano-concave  lenses,  the  optical  centre  is  on  the 
curved  surface ;  in  tlie  convei^ing  and  diverging  meniscus  lenses, 
it  is  outside  tlie  lens. 

These  definitions  being  understood,  let  us  now  examine  the  path 
of  light  through  a  bi-convex  lens.  If  we  place  it  facing  the  sun,  so 
that  its  principal  axis  is  parallel  to  the  rays  of  light  issuing  &om  that 
luminary,  and  then  receive  the  light  which  emerges  from  the  lens 
lilt  a  screen  placed  a  short  distance  on  the  other  side  of  it,  we  shall 


perceive  ou  the  screen  a  luminous  circle,  the  clearness  and  dimen- 
sions of  which  depend  on  the  distance  of  the  screen  from  the  lens. 
When  we  move  it  further  away  or  nearer  to  the  screen,  we  find  a 
position  wlien  this  brightness  will  be  at  its  maximum,  and  the 
clearness  of  the  circular  image  will  !«  greatest  and  its  magnitude 
the  least.  Tliis  would  lie  a  mathematical  point,  if  the  source  of 
liglit  were  itself  a  point.  This  point,  to  which  the  parallel  rays  con- 
verge after  their  refraction  to  the  principal  axis,  is  called  the 
principal  fueux  "f  the  lens.  Tlie  distance  fa  from  the  focus  \a 
the  lens,  which  ia  called  the  principal  focal  distance,  depends  both 
on  the  substance  of  which  tlie  lens  is  made  and  on  the  curvature 
of  its  surfaces.  The  greater  the  curvature,  the  less  is  the  focal 
distance,  which  is  exiireased  by   saying,   tliat  the  lens  is   of  short 
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If  a  leiis  is  placed  iu  the  upeiitng  of  a  dark  room,  tlie  con- 
vergent path  of  tlie  sunli>;l>t  can  be  trace<l  in  the  air,  liecause  the 
luminous  cone  renders  evident  the  iwi-ticlea  of  dust  wliich  fly  alwut 
in  the  room. 

The  convergence  of  tuminoiis  raya  pnxluce*!  by  bi-convex  lenses 
readily  explains  the  path  of  refracted  light  through  a  prism.  The 
effect  produced  by  this  latter  medium  is  to  cause  the  luminous  ray 
to  approach  the  liaae  of  tlie  prism.  Xow,  a  bi-convex  lena  mny 
be  considered  as  an  assemblage 
of  superposed  prisms,  the  angle 
l>eing  mure  acute  aa  it  approaches 
the  principal  axis,  wldle  the 
deviation  is  greater  as  the  angle 
is  more  obtuse.  Fig,  218  shows 
this  convergence,  and  experiment 
agrees  with  theory  in  showing 
that  the  point  of  meeting  is  on 
the  principal  axis,  provided  that 
the  rays  are  very  near  the  axis. 
I>et  us  evamine  the  different 
circumstances  which  result, 
when  the  luminous  point  K 
(Fig.  219)  is  near  the  lens,  and 
in  the  principal  axis.  The  ex- 
planation is  the  same,  when  the  j  , 

.  / 
luminous  rays,  instead  of  start-  \  \  i 

ing  from  a  point  hituated  at  an  ■!' 

infinite  distance,   [iroceed  from  * 

a   light    situated    on   the   axis  '^"*  u^n^IlSl-InWii'ii^oftii'mn-J''''"' 

at  a   finite  distance.     Only,  iu 

this  case,  the  focus  does  not  coincide  with  the  principal  focus.  As 
long  as  tliis  point  is  on  one  side  of  the  lens,  beyond  its  foca]  distance, 
its  focus  8  is  formed  on  the  axis  beyond  the  principal  focus,  and 
tlie  more  it  approaches,  the  more  distant  is  tlie  focus.  If  it  does 
not  happen  to  be  more  distant  from  the  lens  than  douhle  the  focal 
distance,  the  correspoudiny  focus  is  precisely  at  the  same  distance. 
If  it  again  approaches  the  lens,  the  focus  continues  to  recede,  until 
the   luminous    point,  attaining   the   focal   distance  itself,   its   focus 
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di9H|i{wurs,  ur  iu  utlitsr  words  it  is  situated  at  an  iuliiiite  disUuct: 
tlie  rays  Ivaviog  the  lens  parallel. 

Hitherto  the  cuuvergeiiee  of  luminous  rays  Ima  beeii  really 
ett'ected  ut'l«r  their  departure  from  the  lens;  the  focus  is  rt^; 
which  it  is  easy  to  pi-ove  by  receiving  Uie  luminous  coue  ud  a 
screen  where  the  eoucentrated  rays  will  produce  an  imi^  of  the 
object, — a  luminous  point,  for  instance,  il'  the  object  itself  is  a 
hiniinuus  point.  Again,  the  two  points  of  the  axis  where  we  find 
tlie   object   in    one  t>art,  and  the  focus  in  another,    ore  reciprocal 


CfflOn^ta  liicL 


one  to  the  other,  that  is  to  say,  if  the  focus  becomes  the  luminous 
point,  the  tirst  position  of  the  luminous  point  marks  the  new 
tbcus  (Fig.  219).  This  is  tlie  reason  why  physicists  give  to 
these  points,  the  focal  distance  of  which  can  be  found  by  calcu- 
lation, the  name  of  cunjitffate  focL  Tlie  same  fact  haa  been  proved 
in  the  case  of  mirrors. 

Tlie  luminous  ]Hiint  A  a])pToaches  from  the  principal  focus  towaids 
the  lens,  till  its  dis- 
tance is  less  than  the 
focal  distance  (Fig.  220). 
Then,  the  luminous 
rays,  aft^  emeigeuce, 
recede  &om  the  axis  or 
diverge,  so  that  tliere  is 
no  longer  a  real  focus. 
It  is  now  no  longer 
possible  to  collect  the 
rlivei;gent  beam  on  a  sciven;    but  the  eye  sees  the  luminous  rays 
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as  if  they  emanated  from  this  fucua,  Euid  the  impressiuQ  they  rectiivu 
is  that  of  tbe  image  of  the  lumiDous  point. 

The  uearer  the  object  approaches  the  lens,  the  mure  dues  the 
image  itself  approach  it;  aud  when  the  object  comes  into  contact  with 
the  transparent  surface,  the  image  arrives  there  at  the  same  time. 

These  results  can  be  proved  both  by  calculation  and  experiment. 
Let  us  examine,  experimentally,  imt^es  both  real  and  virtual,  which 
are  formed  at  tbe  focus  of  a  bi-convex  lens  or,  in  general,  of  a 
convergent  lens,  when  it  is  placed  opposite  a  luminous  object. 

We  have  already  seen  how  the  im^e  of  an  object  whose  dis- 
tance may  be  considered  as  infinite,  and  which  sends  to  tlie  lens 
a  beam  of  pcuallel  rays,  is  formed ;  it  is  thus  that  the  sun  pro- 
ducea  an  image  in  the  principal  focus  of  the  lens. 


If  the  object  A  B  is  at  a  finite  distance,  inoit!  tlian  double  of 
the  principal  focal  distance,  it  will  be  real,  inverted,  and  smaller 
than  the  object 

This  may  be  proveti  by  receiving  the  image  tit"  a  lighted 
eaudle  on  a  screen  which  we  can  move  nearer  or  furtlier  away 
from  a  lens,  until  we  obtain  a  perfectly  clear  image.  As  the 
distance  of  the  candle  diminishes,  the  image,  which  is  always  real, 
will  recede  and  become  larger,  until  it  is  of  precisely  the  same 
size  as  the  object  itself  If  the  distances  are  measured  which 
separate  the  lens  from  the  screen  and  from  the  candle,  they  are 
found  to  Ije  equal,  and  each  ia  double  that  of  the  principal  focal 
distance.  As  the  candle  continues  to  approach  the  lens,  the  real 
image  enlarges  and  receden;  and  it  ia  then  larj^i-r  than  the  object 
(see   Fiys.   Tl'l  and  'l'l'-\).      We  mtist    inoreH.''e   llic  dirstmiuf  nf   llir 
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screen  if  we  vi'isAt  fur  cleunieas,  ]iut  it  will  \te  seen  tliat  Urn  brightness 
iliiniiiishes,  wliiuli  ia  exiikiiiod  by  the  dispersion  of  the  luininous 
raj's  proceetiing  fnnii  tlie  leiis  ou  a  surface  which  increases  quicker 
tliaTi  the  iiuautity  of  lifjlit  received. 


Km.  iH  — KrsI  hnif 


III  lu^r  thu  tbe  ai^Kt. 


When  the  candle  ban  arrived  nt  the  focal  distance,  the  itiiu^te 
diH:tp)K!iirs',  and  tliiti  is  easily  explained,  for  as  the  rays  issue  {)arallel 
tn  the  iixift.  there   can   nn   longer  Ik-   cmiverfjfiice.      Thus   far,  the 


than  dunMc  that  dbUnca. 


ttmn  IIh'  ]>rin<'i|«l 


image  bits  nhvays  been  I'eal ;  in  other  words,  it  has  always  been  possible 
to  re<^'eive  it  ou  a  screen ;  its  existence  has  been  independent  of 
the  observer,     Tbi-s  will  mi  b>nger  1*  the  case  if  we  continue  to 
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advance  the  candle  or  otber  luminous  object  towards  the  lens;  for 
then  the  screen  placed  at  any  distance  will  only  give  diffused  light. 
If,  however,  instead  and  in  place  of  the  screen,  we  substitute  our  eyes, 
we  sliall  see  through  the  lens  an  image  of '  the  candle,  no  longer 
inverted,  but  erect  and  m^nitied.  How  then  does  it  happen  that 
the  eye  receives  the  sensation  of  an  imi^e  which  is  not  then  real  ? 


^^-  tM.~Bfvvt  utdvlTtiul  Imgeaof  u  d14*<^  pluwd  brtnan  the  principal  fbciu 


The  luminous  rays  which  each  of  the  points  of  the  object  sends 
to  the  lens  issue  from  the  refractive  medium  in  a  divergent  form. 
The  eye  which  receives  them  undergoes  the  same  sensation  as  if 
it  were  acted  upon  by  rays  emanating  directly  from  luminous 
points  situated  on  the  other  side  of  the  lens,  but  at  a  much  greater 


distance  than  tlie  object  to  which  they  belong  Hence,  the  increase 
of  apparent  dimensions;  and  alto,  the  direction  of  tlie  image,  which. 
Incoming  virtual,  ceases  to  be  inverted  (Fig.  224).  In  this 
instance,  in  proimrtion  as  the  object  approaches  the  lens  the  image 
diminishes,  until  it  touches  one  of  the  surfaces  of  the  lens,  when 
the  image  becomes  sensibly  equ^l  to  the  object  itself  These  are 
the  images  pnHluceti  by  cuinei^ing  lenses 
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Diverging  lenses  h&ve  uo  real  fucus.  For  example,  in  the  case 
of  a  bundle  of  rays  parallel  to  the  axis— which  occurs  when  the 
luminous  puiut  is  situated  OD  the  axis  at  an  infinite  diatance — in 
issuing  from  the  lens  the  lays  diverge;  their  point  of  inteisection 
is  situated  on  the  axis  in  front  of  the  lens,  and  is  called  the  principal 
focus,  a  focus  which  is  no  longer  real  but  virtual.  The  eye  which 
receives  the  divergent  beam  emerging  from  the  lens  experiences 
the  same  sensation  as  if  there  was  actually  a  luminous  point  at 
the  focus. 

Diverging  lenses  do  not  produce  a  real  image,  becanse  the 
luminous  rays,  on  emerging  from  a  refractive  medium,  are  separated 
from  eacli  other,  and  have  no  effective  point  of  union.  Bat  if  we 
apply  to  them  the  treatment  before  adopted  in  the  case  of  the 
erect  and  virtual  image 
given  by  a  converging 
lens,  we  perceive  tliat 
tlie  images  of  diverging 
lenses  are  likewise  vir- 
tual and  erect.  But 
there  is  thia  differ- 
ence, viz.,  that  their 
apparent  dimensions 
^^  always  less  thau 
those  of  the  objects  which  they  represent.  Fig.  226  indicates 
the  cuuae  of  this,  and  enables  us  to  undentand  why  images,  which 
l>ecunie  smaller  as  the  object  is  mure  distant,  attain  the  size  of 
the   object  itself,  when  this  latter  touches  the  lens. 

liotli  converging  and  diverging  lenscis  are  used  in  the  constniction 
of  numerous  optical  instruments,  in  astronomical  telescopes,  micro- 
Hcuites,  li^^litiiouBes,  &c. 

A\'e  shall  descril^e  tbe  most  important  of  these  in  the  volume 
which  tnyits  of  the  "Application  of  Physics,"  and  shall  see  how 
wonderfully  science  is  concerned  in  these  operations.  We  shall 
here  confine  ourwlves  to  the  construction  of  the  most  simple 
instnininnts,  in  wliirh  n-iil  images  tii*  caused  to  produce  various 
optical  efl'ccts  ;  tlu'sc  are  princifMiUy  the  camera  oltscura,  the 
megascope,  the  imifric  litntiMii.  the  .iiilar  microsc«i>e,  and  the 
jihiuitamiijii.'. 


-  Krr-t  virtiul  luu 


iiilkrtlunUieoldiirl 
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In  coasidering  the  propagation  of  light  in  right  lines,  we  have 
seen  that  if  a  small  hole  is  made  in  tlie  shutter  of  a  perfectly 
dark  room  the  image  of  exterior  objects  is  thrown  on  tlie 
screen.  This  inverted  image  is  only  distinct  in  tlie  case  of  distant 
objects.  To  obviate  this  inconvenience  and  to  give  brightness 
to  the  images,  Porta  conceived  the  idea  of  receiving  the  light  on 


a  spherical  concave  mirror,  which  reflects  liotli  the  rays  and  the 
image  on  the  screen.  But  he  also  obtained  effects  much  more 
remarkable,  by  placing  a  converging  lens  in  the  hole  of  a  shutter, 
when  the  images  of  outer  objects  were  found  to  be  given  with 
distinctness  on  a  screen,  the  distance  of  which  from  the  opening 
of  the  shutter  varied  with  the  distance  of  the  objects  themselves. 
It  is  easy  to  detennine  this  distance  by  moving  the  screen  back- 
wards and  forwards.  Designers  emploj-  this  dark  chamber,  in 
order  to  trace  on  paper  the  outlines  of  a  landscape  they  may  wish 
to  produce.  They  make  use  of  it  in  the  form  indicated  in  Fig. 
227.     Instead  of  a  lens,  they  use  a  prism  (I-'ig.  228),  the  side  of 
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which,  turned  towards  the  object,  ia  convex,  and,  by  total  leflectiun 
from  it3  plane  surface,   wliicli   is   inclined   at  45°,  it  projects   the 
l>eani  of   light  upon  the  table,  on  which  is 
l)laced  white  paper.     The  image  thus  formed 
is  perfectly  clear,  and  the  draughtsman  has 
nothing  to    do    but   follow   the  outlines   in 
pencil.       Tliis    modification    of    the    camera 
ubsciira  is  due  to  M.  C.  Chevalier,  the  optician. 
The   m^Eascope   is  a  dark  chamber  used 
for  the  purpose  of  reproducing  an  object  on 
a  large  scale,  such  as  a  statuette,  or  picture. 
Fig.  229  will  save  us  a  more  detailed  descrip- 
tion.    We  may  remark  that,  as   the  bright- 
ness of   the  object  is  enfeebled  by  the  dis- 
persion due  to  enlatgeraent,  a  mirror  is  used 
to  project  the  sun's  rays  on  the  object,  and 
to  obtain  a  sufficiently  intense  light. 
The   magic    lanteni    is    a    megascope    in    which  the   object  is 
illuminated   by  mean^  of   a  reflecting  lamp.     By   the   use   of  this 


apparatus,  Ww  enlarged   iniag&s  of   pictures   ]>ainted  on  glass   with 
transparent  idloui-s  me  jniijected  on  n  Hcmen.      Tlie   tiibc  tliron^'li 
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which  the  inverted  drawings  are  placed  encloses  a  system  of  two 
lenses,  one  planu-convex,  the  other  bi-convex,  which  produce  an 
erect  image  on  a  screen  in  front  of  the  instrument.  By  using 
Drummond's  light  to  illuminate  the  objects,  far  more  brilliant 
im^es  are  obtained ;  and,  by  moving  the  screen  further  away  and 
bringing  the  lenses  nearer  together,  the  imt^es  can  be  greatly 
enlai^ed. 

Towards  the  end  of  the  last  century,  a  Be^an  physicist, 
Kobertson,  obtained  an  extraordinary  Buccass  by  exhibiting,  in 
public,  apparitions  of  phantoms,  wliich,  in  the  profound  darkness 
eurrounding  the  spectators,  appeared  to  gradually  advance  into  the 
middle  of  the  room,  and  to  increase  in  size.  This  was  done  by 
means  of  an  apparatus  called  a  phantascope,  analogous  to  the  magic 
lantern,  that  is  to  say,  consisting  of  a  box,  containin};  a  reflecting 
lamp,  and  furnished  with  a  tube  liaving  the  same  system  of  two 
lenses  to  project  the 
image  of  a  drawing 
on  a  screen  placed 
in  front  of  the  in- 
strument. But  in 
this  case  the  lantern 
is  supported  by  a 
moving  table,  one 
of  the  feet  of  which  ?,„  230  -Magic  Lut^rn 

has  a  pulley  com- 
municating its  movement  to  the  lenses  through  the  intervention 
of  an  eccentric  and  lever.  When  the  table  moves  further  from 
the  screen,  the  plano-convex  lens  approaches  the  convex  lens,  the 
image  increases,  and  the  illusion  is  produced  in  a  much  more  com- 
plete manuer  tlian  by  the  aid  of  a  moveable  diaphragm ;  the  light 
which  the  image  I'eceivea,  varying  in  proportion  to  its  size.  Rolrertsoii, 
who  owed  the  secret  of  this  invention  to  an  artist  named  Waldecli, 
was  careful  to  exclude  all  extraneous  light;  and,  to  avoid  any  noise 
produced  by  the  apparatus,  the  wheels  were  covered  with  wool. 
He  further  augmented  the  illusion  by  imitating  the  noise  of  thunder, 
rain,  the  cries  of  animals,  Ac. 

In  Fig.  231,  a   double   lantern   is   aliown,  from   which,   besides 
the   image   of   the  spectre   or  any  other   fantastic   personage,   that 
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of  a  landscape  in  liamiony  vith  the  scene  produced,  can  be   pro- 
jected on  the  screen. 

The  Bnme  double  apparatus  also  gives  polyoramic  views;  that 
is,  effects  of  varied  landscapes,  a  succession  of  day  and  night,  calm 
sea  and  tempest,  &c.  Each  lan- 
tern is  disposed  in  such  a  manner 
as  to  project  each  double  view  at 
the  same  place  on  the  screen. 
One  of  them  is  at  first  closed, 
nnd  a  landscape  illuminated  by 
the  sun  is  seen  ;  by  degrees  the 
light  diminishes,  twilight  comes, 
then  night,  and  imperceptibly  the 
second  view  is  substituted  for 
the  first.  Children,  and  even 
grown  persons,  often  admire  these 
pictures  and  effects  of  light ; 
the  principle  interests  us  here, 
rather  than  the  details  of  the 
mechanism. 

TrVe   shall  only  insist  on  this 
point,  viz.,  that  the  dark  chamber, 
megascopes,  ni<igic   lanterns,  and  phantascopes  are  all  based  on  the 
formation  of  real  ima^^es,  by  means  of  converging  lenses. 

Such  is  also  the 
piinciple  of  the 
solar  microscope, 
which  is  not  less 
interesting  than 
the  instruments 
before  described, 
and  certainly  more 
useful  for  the 
study  and  teach- 
ing of  science. 

Tlie    solar    mi- 

rroscopc  is  used  to 

iisideral'ly  enlai^ed  fonn. 


jir<ijwi  thf 


i>r  a  .iiiiall  Mliject,  in  a  < 
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on  a  screen.  It  is  a  megascope  with  the  advantage  of  easy  use, 
and  of  showing  the  enlarged  object  to  a  large  number  of  spectators. 
To  this  end,  the  object  is  placed  a  little  beyond  the  principal  focus 
of  a  lens  of  short  focus.  The  enlargement  is  more  considerable  as 
the  distance  of  the  object  from  the  focus  decreases.  But  the  image 
will  be  formed  at  a  much  greater  distance  from  the  lens;  and,  the 
greater  the  magnifying  power,  the  more  will  the  light  be  diffused, 
and  consequently  enfeebled ;  hence  the  necessity  of  illuminating  the 
object  as  brightly  as  possible,  so  that  the  image  may  retain  a 
sufficient  degree  of  distinctness.  This  is  why  either  the  rays  of 
the  sun,  or  those  of  a  very  intense  source  of  light,  such  as  the  electric 
light,  are  used.     A  mirror  reflects  and  pr«»jects  the  rays  of  lighten 


Fio.  233.— Section  of  the  iiolar  niicT08ci>i»e. 


a  lens  of  large  aperture,  which  causes  them  to  converge  for  the  first 
time ;  a  second  lens  concentrates  the  rays  still  more ;  and  at  the  focus 
the  object,  the  details  of  which  we  desire  to  examine,  is  placed. 
Figures  232  and  233  represent  the  solar  microscope  and  its  internal 
construction.  The  gas  microscope  is  that  in  which  Drummond*s  light 
is  used  to  illuminate  the  object ;  and  the  photo-electrical  one  that  in 
which  the  brilliant  voltaic  arc  supplants  the  solar  rays. 

Nothing  is  more  curious  than  to  see  the  magnified  images  of 
the  various  organs  of  the  smallest  animals ;  the  infusoria  which  live 
in  a  drop  of  fermenting  liquid  ;  the  decomposition  of  water  into 
craseous  globules  of  oxygen  and  hydrogen ;  the  crystallization  of 
salts ;    and  the  structure  of  animal  and  vcgctiilJe  tissue. 
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CHAPTER  VII. 

('OLOUKS:     THE    COLOUUS    IN    LIGHT    SOURCES,  AND    IN    NON-LUMINOUS 

BODIES — DISPERSION   OF  COLOURED   BAYa ' 

White  colour  of  the  sun's  light.— Decomposition  of  whit«  light  into  mwmk  rimpfe 
colours;  solar  spootnnu.-  Recom}x>8ition  of  white  light  by  the  mixtun  of  tltt 
coloureil  rays  of  the  spectrum. — Newton's  experiment ;  unequal  nAEi^gQulitj 
of  simple  rays.— Colours  of  non-luminous  bodies. 

rpiIE  li<^'ht  which  physicists  take  as  a  type  of  all  others  as  reguds 
-*-  colour  is  that  of  the  sun.  That  the  light  of  the  sun  is  white 
may  l>e  proved  liy  a  very  simple  ex])eriment.  If,  in  the  interior  of  a 
(lark  room,  the  sohir  li^'ht,  after  ]»assing  through  a  hole  in  the  shuttaTi 
is  re(^eive(l  diix3ctly  on  a  piece  of  white  paper,  the  image  of  the  snn  on 
the  paper  will  l>e  found  to  l>e  a  round  white  spot.  If  this  experiment 
were  not  made  in  a  dark  room  it  w  ould  ])e  inconclusive,  because  the 
pa])er  would  receive,  in  addition  to  the  solar  rays,  rays  reflected  from 
the  surface  of  other  l)odies  differently  coloured. 

But  this  white  lij^dit  is  not  simple.  It  is  composed  of  a  multitude 
of  colours  or  tints,  which  are  themselves  simple  colours.  Tliis  has 
been  proved  beyond  doubt  by  a  series  of  experiments  which  have 
been  made  under  diverse  conditions,  and  which  are  principally  due  to 
Newton.      We  will  indicate  the  most  striking  of  these. 

If  we  i)lace  in  the  path  of  the  solar  rays,  after  their  passage 
through  the  round  hole  of  the  shutter  of  a  dark  room,  a  triangular  flint- 
glass  prism  in  such  a  manner  that  its  edges  are  placed  horizontally 
(Fig.  234),  and  that  the  beam  enters  it  obliquely  by  one  of  its  surfaces, 
we  sliall  see  on  the  screen,  at  a  certain  distance  above  the  point  where 
the  spot  of  lij^ht  appeared  l)efore  the  interi)osition  of  the  prism,  a  pro- 
louj^'od  luminous  band,  f(a*med  of  a  series  of  extremely  bright  colours; 
this  l)and  is  calbnl  the  solar  spectruiu.  The  following  is  the  order 
in  which  the  colours  succeed  each  other  when  the  prism  has  its  base 
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tipwards ;  the  order  is  the  reverse  whea  the  base  is  turned  down- 
wards. At  the  lower  extremity  of  the  spectrum  is  a  bright,  full  red, 
to  which  succeeds  an  orange  tiut,  and  this  passes  by  imperceptible 
gradations  into  a  magnificent  straw-yellow.  Then  comes  a  green  of 
remarkable  purity  and  intensity ;  then  a  greenish  blue  tint ;  and  then 
ft  decided  blue  colour,  which  becomes  eventually  indigo.  After  the 
indigo  succeeds  violet ;  the  palest  shade  of  which  ends  the  spectrum. 


flo.  Ml.— DeeompsBltlon  at  light  by  the  prtim.    Cneijnii]  refnuigibiHtj  of  Uie  rolonn  of  the  iiwctnun 


Plate  IV.,  Fig.  1,  shows  the  series  of  colours  of  the  solar  spectrum 
as  obtained  by  a  prism  filled  with  bi-sulpliide  of  carbon.  Tlius  a  ray 
of  white  light  is,  as  we  have  before  stated,  the  reunion  of  a  series  of 
coloured  rays,  of  which  we  have  mentioned  only  the  principal ;  for, 
the  transition  of  one  colour  into  another  is  made  in  sucli  an  imper- 
ceptible manner,  that  there  i-s  no  abrupt  change  of  colour  nor  solu- 
tion of  continuity,^  Such  is  the  phenomenon  of  tlie  decomposition,  or 
analysis,  of  wliite  light,  which  is  also  called  the  dii^ersion  of  the 
coloured  rays. 

'  ETC«pt  b;  the  verj  fine  black  Ibies,  of  irhich  we  shnll  speak  further  on. 
X  2 
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The  dispersion  of  light  by  refraction  is  manifested  to  us  every 
day  by  numerous  phenomena,  some  of  which  .the  ancients  also 
observed,  but  without  suspecting  the  true  cause.  Precious  stones, 
such  as  diamonds,  emit  lights  of  different  colours ;  and  the  decomposi- 
tion of  light  by  one  of  its  facets  is  not  one  of  the  least  beauties  of 
this  precious  substance.  The  rainbow  is  a  phenomenon  due  to  the 
same  cause,  as  we  shall  show  when  we  come  to  the  description  of 
meteors.  It  is  the  same  with  the  various  colours  which  tint  the  clouds 
and  atmospheric  strata  at  the  time  of  simrise  or  sunset.  Lastly, 
in  glass  vessels  containing  transparent  liquids,  and  in  pieces  of  glass 
cut  as  lustres,  we  see  in  certain  directions  iridescent  fringes, presenting 
the  colours  of  the  spectrum  in  all  their  purity. 

A  second  experiment  proves  that  each  of  the  colouis  of  the 
spectrum  is  simple,  and  that  the  degree  of  refrangibility  increases  from 
the  red  to  the  violet.  This  experiment  consists  in  allowing  a  nanow 
beam  of  the  coloured  light  to  pass  through  a  small  hole  made  in  the 
screen,  at  the  point  where  the  red  light  falls,  for  instance;  when-tliis 
is  received  on  a  second  screen  (Fig.  234),  it  forms  a  red  image  at  a 
point  which  is  carefully  noticed.  If,  instead  of  receiving  it  directly  on 
this  screen,  a  second  prism  is  interposed,  the  luminous  beam  is  again 
deviated  to  a  higher  point  than  before.  But  the  new  image  is  red, 
like  the  first,  and  of  the  same  form  if  the  prism  is  properly  placed ; 
therefore,  the  red  light  of  the  spectrum  cannot  be  decomposed.  The 
same  experiment,  repeated  with  other  colours,  gives  analogous  results. 
All  the  colours  of  the  solar  spectrum  then  are  indecomposable  or 
simple ;  but  their  refrangibility  increases,  for  it  is  noticed  that  the 
distances  between  the  direct  images  of  the  colours  on  the  screen  and 
the  image  obtained  by  refraction  in  the  second  prism  are  greater  as 
the  colour  is  nearer  the  extreme  violet  of  the  spectrum. 

If,  instead  of  a  prism  formed  of  flint-glass,  we  use  prisms  of  other 
solid  or  liquid  refractive  substances,  we  obtain  spectra  more  or  less 
brilliant,  and  more  or  less  elongated ;  if  the  prisms  are  colourless, 
the  spectra  are  composed  of  the  above  colours,  arranged  in  the  same 
order ;  but  their  proportions — that  is,  the  spaces  occupied  by  each  of 
them — vary  according  to  the  nature  of  the  substance,  whilst  the  order 
of  the  colours  remains  the  same.  Flint-glass,  among  solids,  gives  the 
most  extended  spectrum,  especially  at  the  violet  end,  and  bi-sulphide 
of  carbon  among  liquids. 
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The  aogle  of  the  prism  &lao  influences  the  length  of  the  spectrum 
produced,  which  is  greater  as  the  angle  is  more  obtuse.  This  fact  may 
be  easily  proved  experimentally,  by  the  aid  of  prisms  having  various 
angles,  of  which  we  have  spoken  above.  Thus,  white  light  is  decora- 
posed  by  refraction  into  rays  differently  coloured,  and  the  colour  of 
each  of  the  rays  corresponds  to  a  particular  degree  of  refrangibility. 

This  is  the  analysis  of  light 

But,  if  such  is  indeed  the  composition  of  light,  white  light  ought 
to  be  produced  by  uniting  all  the  colours  of  the  spectrum  in  proper 
proportions. 

Various  experiments   confirm   tliis   con3e<iuence  of  the  analysis 
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of  light.  Most  of  them  are  due  to  Newton,  who  described  them 
in  his  "  Optics,"  nnd  they  are  reproduced  in  the  present  day  with 
very  slight  modifications.  The  most  simple  experiment  of  this 
nature  consists  in  receiving  on  a  convei^ing  lens  the  solar  spectrum 
produced  by  a  prism.  On  placing  a  screen  of  white  paper  at  the 
focus  where  the  rays  of  the  different  colours  arc  brought  to  a  i)oint  (it 
is  the  conjugate  focus  of  the  point  whence  the  rays  emerge  from  the 
prism)  a  white  image  of  the  sun  is  seen  {Fig.  2?<^i).  By  bringing  tho 
screen  nearer  to  the  lens,  the  separated  coloured  rays  again  reappear, 
brighter  as  the  ■irrwn  is  gradually  brought  nearer  the  lens.  On  the 
other  hand,  if  the  screen  is  moved  away  from  Ihe  lens,  stai  ting  from  the 
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point  of  convergence,  the  colours  again  appear,  so  that  the  red,  for- 
merly at  the  bottom,  is  now  at  the  top ;  and  the  violet,  which  was  at 
the  top,  now  occupies  the  lower  portion  of  the  coloured  band.  By 
using  two  prisms  of  the  same  substance  and  angle,  but  placed  in 
reverse  positions,  as  in  Fig.  236,  the  beam  of  white  light  which  falls 
on  the  first  prism  is  divided  into  differently  coloured  divergent  rays ; 
but  refraction  brings  them  to  parallelism,  on  their  emergence  from 
the  second  prism,  and,  instead  of  a  spectrum,  a  beam  of  white  light, 
produced  by  the  reunion  of  the  differently  coloured  rays,  is  seen. 
But  the  upper  edge  of  the  image  received  ou  the  screen  is  red,  and 
the  lower  one  violet;  because,  among  all  the  rays  of  white  light 
forming  the  beam,  the 
mean  rays  alone  give  rise 
to  spectra  the  colours 
of  which  reunite,  while 
the  extreme  rays  of  the 
spectrum  are  not  super- 
posed on  any  other  colour, 
and  recomposition  can- 
not be  effected  at  these 
points. 

Two  spectra  obtained 
by  means  of  two  different 
prisma  and  projected  in  inverse  directions  on  a  screen  give  white 
light  at  the  place  where  the  colours  are  superposed. 

If  the  spectrum  given  by  one  prism  is  observed  with  a  second 
prism,  a  position  may  be  found  in  which  the  image  received  by  the 
eye  is  round  and  white. 

All  of  these  experiments,  and  others  also,  are  described  by  Kewton 
with  admirable  cleflmess  and  simplicity.  "Hitherto,"  he  says,  "I 
have  produced  white  by  mixing  the  colours  produced  by  prisms. 
Now,  in  order  to  mix  the  colours  of  natural  bodies,  take  water  slighUy 
thickened  by  means  of  soap,  and  ^itate  it  until  it  becomes  frothy. 
When  this  froth  has  come  to  a  state  of  rest,  if  you  examine  it 
attentively,  you  will  see  various  colours  on  the  surface  of  each 
bubble  of  wliicli  the  frotli  consists.  But  if  you  remove  to  such  a 
distance  that  you  cannot  distinguish  the  various  colours,  the  froth 
wUl  appear  perfectly  white."     ("  Optics,"  Book  I.) 
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He  alao  tried  to  obtain  a  whitts  tiut  by  the  mixture  of  certain 
propoitions  of  various  coloured  powdera.  Orpimeiit  (orange-yellow 
sulphide  of  arsenic)  mixed  with  purple,  preen,  brown,  and  blue 
gave  hira  a  corapositioa  of  an  ash-coloured  gi-ey,  which,  when  exposed 
to  sunlight  and  compared  with  a  piece  of  white  paper  of  the  same 
size  placed  by  the  side  of  the  mixture  and  in  the  shade,  appeared  of 
a  brilliant  white.  Newton  explains  the  grey  colour  of  mixtures  of 
this  kind  by  the  absorption  of  ligtit,  and  it  was  to  obviate  this 
diminution  of  brightness  that  he  thought  it  better  to  illuminate  the 
composition  strongly  by  the  solar  raya. 

Lastly,  if  a  disc,  divided  into  sectors  coloured  with  the  prin- 
cipal colours  o£  the 
spectrum,  is  caused  to 
revolve  rapidly,  in  pro- 
portion as  the  rotation 
increases,  the  indi- 
vidual colours  disap- 
pear from  the  eye. 

The  disc  ultimately 
assumes  a  tint  which 
approximates  to  white 
ac43ordiag  aa  the  true 
proportion  of  the  dif- 
ferent colours  has  been 
the  better  observed. 
It  will  be  understood 

that  when    the  SUCCeS-  k,o  237.-ltcd™pDiillionofi.httellBMbyaievoliingiili«!. 

sive  impressions  of  the 

different  colours  on  the  retina  are  confused,  in  consequence  of  the 
rapidity  of  tlie  movement,  it  is  as  if  the  rays  made  their  impres- 
sion simultaneously,  and  the  sensation  which  is  produced  is  that 
of  white.  The  same  experiment  can  be  very  simply  shown  by 
spinning  a  top,  the  surface  of  which  is  divided  into  sectors,  in  the 
direction  of  meridional  lines,  and  painted  with  tlie  colours  of  the 
spectrum.  This  will  appear  white  or  a  greyish  wliite,  in  projH)rtiou 
as  its  rotation  is  the  more  rapid,  and  the  colours  will  gradually 
reappear  as  the  motion  slackens. 

The  phenomena   which   we  have  just  described  are  i»roduced 
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by  solar  light.  But  it  must  not  be  forgotten  that  by  this  term 
must  be  understood  not  only  the  light  due  to  the  rays  which  arrive 
directly  from  the  sun  but  also  all  light  originating  from  this  body : 
that  of  clouda,  the  atmospheve,  and  the  light  of  the  moon  and  planets. 
Analysed  by  means  of  a  prism,  these  give  spectra  of  very  variable 
brightness,  but  their  composition  as  regards  coloured  rays  is  precisely 
the  same  as  that  of  the  solar  spectnim. 


Fid.  ^^B.— tlneqna  lefniiglblllt]' ol 


Lights  proceeding  from  other  sources,  stars,  artificial  flames,  the  pas- 
sage of  electricity,  either  in  physical  Apparatus  or  in  storms,  all  produce 
spectra,  in  which  the  colours  are  disposed  in  the  same  order  as  the 
colours  of  the  solar  spectrum.  But  generally  speaking  the  pheno- 
meuDU  is  less  brilliunt,  and,  as  we  shall  soon  see,  it  happens  in  some 
cases  that  certain  colours  are  not  seen,  and  are  found  to  be  replaced 
by  dark  lines. 
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The  experiments  which  serve  to  show  that  the  different  colours 
of  the  spectrum  give,  by  their  reunion,  white  light,  are  as  conclusive 
when  we  use  the  coloured  rays  of  the  spectrum,  as  when  the  colours 
of  illuminated  bodies  are  employed.  This  is  in  itself  sufficient  to 
prove  that  these  latter  colours  are,  like  those  of  luminous  sources, 
unequally  refrangible.  But  Newton  made  direct  experiments  on  this 
difference  by  examining  with  a  prism  a  piece  of  paper,  the  two  halves 
of  which  were  differently  coloured,  the  one  being  red,  and  the  other 
blue.  The  prism  and  the  paper  were  placed  in  front  of  a  window,  as 
shown  in  Fig.  238,  and  he  noticed  that  the  two  halves  of  the  paper 
appeared  unequally  deviated,  the  blue  half  being  lower  than  the  red, 
so  that  the  paper  appeared  divided  into  two  parts,  the  one  no  longer 
a  continuation  of  the  other ;  the  reverse  happened  when  the  angle 
of  the  prism  was  placed  in  the  contrary  direction :  therefore  blue  is 
more  refrangible  than  red. 


Pio.  230.— Um»qn«l  rpfhingihilities  of  simple  poIohm.     Newton's  exiierlment. 

By  receiving  on  a  screen  of  white  paper  placed  behind  a  lens 
the  images  of  the  same  paper  illuminated  by  a  candle,  Newton  like- 
wise discovered  that  the  screen  must  be  placed  at  different  distances 
to  obtain  clear  images  of  the  blue  half  and  the  red. 

A  black  silk  cord  which  was  twisted  round  the  paper  enabled 
him  to  determine  with  greater  facility  the  place  where  the  image  of 
each  colour  was  formed  with  distinctness,  for,  in  other  places,  tlic 
images  of  the  thi*eads  were  confused.  For  the  blue  half  the  distance 
of  the  image  to  the  lens  was  less  than  in  the  case  of  the  red  half, 
which  again  proves  that  the  blue  is  more  refrangible  than  the  red. 
These  two  experiments  are  the  first  described  by  Newton  in  liis 
"  Optics." 

That  which  we  call  the  natural  colour  of  a  body  is  the  colour 
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which  is  presented  to  us  when  it  is  illuminated  by  a  very  pure  white 
light,  as  by  sunlight.  If  its  surface  has  the  property  of  absorbing  all 
the  coloured  rays  of  the  spectrum  with  the  exception  of  one,  red  for 
example,  the  body  appears  to  us  red,  because  it  only  reflects  to  our 
eye  the  red  rays  of  the  spectrum.  If  this  surface  absorbs  but  a  limited 
number  of  coloured  rays,  the  colour  of  the  body  will  be  that  which 
proceeds  from  the  mixture  of  the  non-absorbed  rays;  and  this 
explains  the  considerable  number  of  colours  and  shades  of  bodies, 
which  indeed  are  much  more  varied  than  those  of  which  the 
spectrum  itself  is  composed. 

That  substance  which  is  able  to  reflect  in  an  equal  proportion  all 
the  colours  which  compose  white  light,  is  itself  white,  and  it  is 
brighter  according  as  this  proportion  is  greater.  On  the  other  hand,  as 
this  proportion  diminishes,  the  white  colour  diminishes  in  intensity, 
and  becomes  a  deeper  and  deeper  grey,  lastly  attaining  black,  when  the 
absorption  of  all  the  coloured  rays  of  the  spectrum  is  as  complete  as 
possible.  Black  bodies  are  therefore  those  whose  molecular  constitu- 
tion is  such,  that  all  the  rays  which  constitute  white  light  are 
absorbed  by  their  surface ;  wliilst  white  bodies  are  those  which  reflect 
them  all,  and  coloured  bodies  are  those  which  reflect  certain  rays  and 
absorb  others.  If  this  explanation  is  true,  it  is  susceptible  of  many 
experimental  verifications. 

Let  us  take  a  white  body  and  arrange  it  so  that  it  only  receives 
the  yellow  rays  of  the  spectrum.  This  is  easily  done  by  placing  it 
in  a  dark  chamber,  and  admitting  only  the  yellow  rays  of  the  spec- 
trum obtained  by  means  of  a  prism.  The  body  wiU  appear  yellow. 
It  would  be  red,  green,  blue,  &c.,  if  it  were  lighted  up  by  red,  green,  er 
blue  rays.  On  the  contrary,  a  black  body  will  remain  black  whatever 
the  colour  by  which  it  is  illuminated.  Lastly,  a  red  body  will  appear 
of  a  deep  red,  if  it  is  lighted  up  with  the  light  proceeding  fit)m  the 
red  rays  of  the  spectrum,  whilst  it  will  appear  black,  if  we  expose  it 
to  the  rays  of  other  colours. 

Experiment  confirms  these  results.  It  is  observed,  how^ever,  that 
coloured  bodies  take  the  tint  of  the  rays  which  illuminate  them,  even 
when  these  rays  are  not  of  the  colour  of  these  bodies  ;  and  that  this 
tint  is  much  brighter  where  there  is  greater  analogy  between  their 
own  colour  and  that  of  the  rays  with  wliich  they  are  illuminated. 
Thus  "  vermilion  placed  in  red  appears  of  a  most  brilliant  red ;  in 


OHAP.  vil]      the  colours  IN  SOURCES  OF  LIGHT.  315 

the  orange  and  yellow,  it  seems  an  orange  and  yellow,  but  its  bright- 
ness is  lesa  The  green  rays  also  give  it  their  colour,  but,  on  account 
of  the  great  inaptitude  of  the  red  to  reflect  the  green  light,  it  appears 
dark  and  dull ;  it  becomes  still  more  so  in  the  blue,  and,  in  indigo  and 
violet,  it  is  nearly  black.  On  the  other  hand,  a  piece  of  dark  blue  or 
Prussian  blue  paper  takes  an  extraordinary  brilliancy,  when  exposed 
to  the  indigo  rays.  In  green  it  becomes  green,  but  not  very  bright ; 
in  red,  it  appears  nearly  black."     (Sir  John  Herschel.) 

Newton's  theory  must  therefore  be  thus  imderstood :  that  the  sur- 
faces of  coloured  bodies  are  generally  apt  to  reflect  the  rays  of  a 
certain  colour  in  a  much  greater  quantity  than  those  of  other  rays ; 
and  that  gives  them  their  predominant  colour.  These  surfaces,  never- 
theless, do  not  entirely  absorb  the  other  rays,  and  that  prevents  them 
from  being  perfectly  black  when  they  are  illuminated  by  coloured 
lights  different  from  those  which  they  generally  reflect. 

The  colours  of  bodies  are  seldom  identical  with  those  composing 
the  solar  spectrum,  as  they  are  principally  composite ;  evidence 
of  which  can  be  obtained  by  submitting  them  singly  to  ansdysis  by 
the  prism.  This  analysis  gives  a  spectrum  formed  of  various  simple 
colours,  the  mixture  producing  the  particular  colour  observed.  It  is 
sufficient  to  look  at  a  coloured  object,  as  a  flower  or  a  piece  of  dyed 
stuff,  through  a  prism,  to  see  that  the  edges  of  the  image,  parallel  to 
the  edge  of  the  prism,  are  banded  like  the  rainbow. 

If,  instead  of  illuminating  a  coloured  body  by  the  white  light  of 
the  sun,  or  by  one  or  other  of  the  simple  colours  of  which  this 
light  is  composed,  we  use  other  luminous  sources,  such  as  the  light  of 
a  lamp  or  artificial  flames,  the  colour  is  found  to  be  altered.  Thus, 
we  all  know  that  green  appears  blue  by  the  light  of  a  lamp.  But, 
let  us  first  finish  what  we  have  to  say  of  Newton's  theory  concerning 
the  colours  of  non-luminous  bodies. 

In  endeavouring  to  penetrate  more  deeply  into  the  causes  of  this 
phenomenon,  Newton  supposed  that  the  incident  light  is  decomposed 
at  the  surface ;  one  part  is  absorbed, — extinguished  in  opaque  bodies 
and  transmitted  in  transparent  ones ;  the  other  part  is  reflected  by  the 
superficial  molecules, — at  a  very  little  depth  in  opaque  bodies,  and  at 
any  depth  in  transparent  ones.  This  explains  why,  in  the  latter,  the 
colour  of  transmitted  light  is  generally  different  from  that  of  reflected 
light.     For  example,  we  have  seen  that  gold  reduced  to  extremely 
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thin  leaves  allows  a  greenish  blue  light  to  pass  through  it,  whUe  its 
reflected  colour  is  yellow,  or  reddish  yellow.  '*  Halley,  having  de- 
scended to  a  depth  of  several  fathoms  in  a  diving  bell,  saw  that  the 
upper  part  of  his  hand,  on  which  fell  the  solar  rays  after  passing 
through  a  glazed  opening,  was  of  a  crimson  colour ;  the  imder  part, 
which  was  illuminated  by  light  reflected  from  deep  water,  appeared 
green  ;  whence  Newton  concluded  that  water  allowed  the  red  rays  to 
pass  through  it  and  reflected  the  violet  and  blue."     (Daguin.) 

We  must  distinguish  between  light  reflected  r^ularly,  or  specu- 
larly, and  that  dififused  light  which  is  scattered  from  the  surfaces  of 
bodies.  The  first  has  nothing  to  do  with  the  colour  of  bodies ;  and 
indeed  we  know  that  perfectly  polished  bodies  represent  the  images 
of  the  bodies  they  reflect,  coloured  like  the  bodies  themselves ;  while 
their  own  colour  remains  unperceived. 

To  what  modification  is  light  which  is  diffusely  reflected  sub- 
mitted ?  How  does  the  structure  of  bodies  act  on  the  diflerent 
coloured  rays,  so  as  to  reflect  some  and  extinguish  others  ?  Is  it  the 
form,  density,  refractive  power  of  the  molecules,  or,  rather,  is  it  these 
united  elements  which  give  place  to  the  phenomenon  of  various  color- 
ations? These  are  excessively  subtle  questions,  which  cannot  be 
answered  with  exactitude  in  the  present  condition  of  science. 
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CHAPTER  VIIL 


COLOURS. 


Classification  of  oolours. — Tones  and  scale  of  the  colours  of  the  solar  spectrum,  after 
the  method  of  M.  GhevreuL— Chromitic  circles  of  pure  and  subdued  colours ; 
tones  and  scales. — Complementary  colours. 

rjIHE  white  light  of  the  sun,  decomposed  by  means  of  a  prism, 
-*■  produces  a  series  of  colours  which  correspond,  as  we  have 
seen,  to  different  degrees  of  refrangibility.  These  colours  are,  so  to 
speak,  infinite  in  number,  as  they  pass  from  one  end  of  the 
spectrum  to  the  other  by  imjjerceptible  shades;  but  it  is  customary 
to  distinguish  seven  principal  colours,  the  names  of  which,  taken 
in  their  natural  order,  form  a  crude  Alexandrian  verse: 

Violet,  indigo,  blue,  green,  yellow,  orange,  and  red. 

Some  physicists  believing  in  the  possibility  of  reproducing  some 
of  these  colours  by  the  mixture  of  others, — green,  for  example,  being 
obtained  by  the  juxtaposition  of  yellow  and  blue,  violet  by  that  of 
blue  and  red,  and  so  on, — have  endeavoured  to  prove  that  the  spec- 
trum is  only  formed  of  three  elementary  colours.  According  to 
Brewster  these  colours  would  be  red,  yellow,  and  blue ;  according  to 
Young  red,  green,  and  violet.  The  proportions  in  which  they  are 
mixed  in  the  different  parts  of  the  spectrum  would  account  for  tlie 
variety  of  shades  of  which  it  is  composed.  In  the  present  day,  these 
theories  are  rejected ;  the  experiments  by  which  they  were  supported 
having  been  proved  to  be  inexact.  All  the  colours  of  the  spectrum 
are  therefore  simple  colours,  the  number  of  which  can  be  considered 
as  infinite ;  although,  in  practice,  they  are  reduced  to  seven  principal 
colours. 

White  is  not  a  simple  colour,  but,  on  the  contrary,  the  most 
complex  of  the   composite  colours.     Black  is  not  a  colour;   it  is 
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the  Gfomplete  absence  of  all  light.  As  to  the  composite  colours 
which  natural  bodies  present  to  us,  they  are  due  to  combinations, 
in  various  proportions,  of  all  the  elementary  colours. 

A  very  simple  experiment  proves  that  the  combination  of  all  the 
rays  of  the  spectrum  is  necessary  to  produce  perfect  light  It  consists 
in  intercepting  a  certain  portion  of  the  spectrum,  before  it  falls  on 
the  lens  which  is  used  for  the  recomposition  of  the  light  Thus, 
if  the  violet  be  intercepted,  the  white  will  acquire  a  tinge  of 
yellow ;  if  the  blue  and  green  be  successively  stopped,  this  yellow 
tinge  will  grow  more  and  more  ruddy,  and  pass  through  scarlet 
to  orange  and  blood-red.  If,  on  the  other  hand,  the  red  end  of  the 
spectrum  be  stopped  and  more  and  more  of  the  less  refrangible  por- 
tion thus  successively  abstracted  from  the  beam,  the  white  will  pass 
first  into  pale,  and  then  to  vivid,  green,  blue-green,  blue,  and  finally 
into  violet  If  the  middle  portion  of  the  spectrum  be  intercepted, 
the  remaining  rays,  concentrated,  produce  various  shades  of  purple, 
crimson,  or  plum-colour,  according  to  the  portion  by  which  it  is 
thus  rendered  deficient  from  white  light;  and,  by  varying  the 
intercepted  rays,  any  variety  of  colours  may  be  produced ;  Tior  is 
there  any  shade  of  colour  in  nature  which  may  not  thus  be  exactly 
imitated  with  a  brilliancy  and  richness  surpassing  that  of  any 
artificial  colouring. 

The  number  of  composite  colours,  obtained  by  the  combination 
of  simple  colours,  or  the  different  coloured  rays  of  the  spectrum, 
increases  to  an  almost  indefinite  amount.  But  we  shall  presently 
see  that  it  is  possible  to  increase  them  still  more,  either  by  the 
addition  of  a  certain  quantity  of  white  light,  or  by  the  mixture 
of  black  in  various  proportions. 

Two  colours  which,  by  their  combination,  produce  white  are 
called  complemerUary  colours. 

There  is  a  very  simple  method  of  determining  the  groups  of 
colours  which  possess  this  property:  it  consists  in  the  interception, 
as  it  issues  from  a  lens,  of  a  portion  of  the  convergent  beam 
about  to  meet  at  the  focus.  This  portion  received  on  a  second 
prism  will  be  deviated,  and  will  give  a  colour  which  will  be  evidently 
complementary  to  the  colour  produced  at  the  focus  of  the  lens,  as 
before  their  separation  thoy  formed  white. 

Helmholtz  discovered,  by  a  different  process,  which  consisted  in 
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receiving  the  spectrum  0010111-8  through  slits  in  a  screen  and  then 
concentrating  them  by  a  lens,  that  there  is  an  indefinite  number 
of  groups  of  two  colours  susceptible  of  forming,  by  their  mixture, 
perfect  white.  The  following  are  some  of  the  results  obtained  by 
that  physicist: — 

Compiement&ry  Coltmre.  Inteiisitiea  of  the  two  Colonn. 

Violet  —  greeniiih  yellow 1  —  10 

Indigo  —  yellow 1  —  4 

Blue     —  orange 1  —  l 

Greenish  blue  —  red 1  —  0*44 

The  numbers  which  follow  these  groups  measure  the  relative  in- 
tensities of  each  of  the  colours  and  refer  to  a  bright  light; 
they  vary  when  the  incident  light  itself  varies  in  intensity. 
Helmholtz  has  devised  an  extremely  simple  method  of  studying 
the  resultant  of  the  mixture  of  two  colours,  one  of  the  first,  the 
other  of  the  second  colour.  When  an  unsilvered  glass  is  placed 
vertically  between  them,  one  of  the  discs  is  seen  directly ;  the 
other  through  the  transparent  plate.  Moreover,  the  first  is  seen  a 
second  time,  by  reflection.  If  it  is  then  placed  in  such  a  position 
that  its  image  appears  super])osed  upon  the  disc  seen  through 
the  glass,  the  two  colours  will  be  found  naturally  blended,  and 
one  can  easily  judge  of  the  shade  produced  by  their  composition. 
Thus,  also,  two  discs,  coloured,  the  one  by  chrome  yellow,  the 
other  by  cobalt  blue,  produce  pure  white;  which  proves  that  these 
colours  are  complementary. 

To  sum  up,  a  simple  or  composite  colour  always  has  its  comple- 
mentary colour ;  moreover,  it  has  an  infinity  of  them,  for  if  to  the 
complementary  colour  we  add  wliite  light  in  variable  proportions, 
the  resultant  can  only  be  white.  But  this  rule  can  only  be 
applied  to  clear  colours,  that  is  to  say,  those  which  are  not  altered 
by  any  proportion  of  black ;  in  this  case,  instead  of  i)erfect  white, 
a  gi'ey  or  greyish-white  would  be  obtained. 

Lastly,  the  mixture  of  complementary  colours  only  produces 
white  when  it  is  not  a  material  mixture ;  if  material  colours  are  used, 
moistened  in  whatever  way,  or  even  in  a  pulverulent  state,  the 
mixture  will  only  give  a  more  or  less  decided  grey.  If  the  colours, 
whether  simple  and  composite,  are  indefinite  in  num]>er ;  if  the  mixture 
in   different  proportions  of   white  or  black  again   multii>lies    that 
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nunilx^T ;  it  is  no  less  true  that  the  eye  can  only  appreciate  a  limited 
(luautily.  Yet,  if  it  were  possible  to  collect  in  one  scale  all  the 
shades  of  colours  presented  to  us  by  Nature,  and  to  distinguish 
them  from  each  other,  we  should  be  astonisheil  at  the  richness  and 
magnificence  of  that  paletta  The  leaves  and  flowers  of  plants^ 
tlie  skins  of  animals,  the  brilliant  colours  which  the  feathers  of 
binls  possess,  the  wings  of  butterflies  and  other  insects,  shades 
of  different  minerals  and  shells,  would  furnish  elements  of  the 
innumerable  series  of  natural  colours,  and  would  pass  from  one 
shade  to  another  by  imperceptible  gradations.  Thus  "we  could 
have  a  classification  of  colours  derived  from  natural  objects. 

Colours  used  in  the  arts  are  probably  much  more  restricted ;  we 
can  nevertheless  form  an  idea  of  their  number  by  this  fact — that 
the  Ik>mans  used,  it  is  said,  more  than  30,000  tints  in  their  mosaiosL 

lUit  even  this  number,  precisely  because  it  is  considerable,  oanaeB 
the  want  to  be  felt  of  a  }>roper  classification  of  colours  and  thabr 
shades,  which  would  enable  them  to  be  defined  by  showing  their 
rt»lationship  to  a  fixed  type,  detennined  once  for  alL  We  all  know 
that,  in  industries  and  the  arts,  the  nomenclature  of  coloun  is 
very  arbitrary  or,  at  least,  varies  in  one  art  or  industry  from  anoAer: 
the  names  are  borrowed  from  natural  objects,  minerals^  flpwen^ 
fruits,  and  animals,  but  there  is  no  line  of  gradation  between  them. 
Tn  order  to  obviate  the  inconveniences  resulting  from  this  confasion, 
M.  Chevreul,  celebrated  for  his  chemical  labours  and  his  study  of 
colours,  pr()i)(>sed  a  classification  of  colours  and  their  shades.  The 
principles  and  basis  of  this  we  will  now  describe. 

According  to  M.  Chevreul,  a  substance  possessing  any  one  of  the 
colours  of  the  spectrum  can  only  be  modified  in  four  different  ways : 

1.  By  inhitc,  whicli  reduces  it  in  intensity. 

2.  V»y  hlack,  which  diminishes  its  specific  int*;nsity. 

3.  By  a  certain  colour,  which  changes  the  specific  property  with- 
out rendering  it  h^ss  bright. 

4.  By  a  certain  colour  which  changes  the  specific  property 
and  renders  it  less  bright,  so  that  if  the  effect  is  carried  to  the 
highest  degree,  it  results  in  black  or  normal  grey,  represented  by 
black  mixed  with  white  in  a  certain  proportion. 

To  express  all  these  modifications,  M.  Chevreul  uses  the  following 
expressions,  which  once  defined  can  no  longer  be  equivocal : — 
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He  calls  the  tones  of  a  colour  the  different  degrees  of  intensity 
to  which  this  colour  is  susceptible,  according  as  the  matter  which 
preaents  it  is  pure  or  simply  mixed  with  white  or  black ;  the  scale, 
the  whole  of  the  tones  of  the  same  colour;  the  shades  of  a  colour, 
tite  modifications  which  it  undergoes  by  the  addition  of  another 
oolour  which  changes  it  without  rendering  it  less  bright;  lastly, 
the  siAdiied  scale,  the  scale  whose  light  tones  as  well  as  the  dark 
ones  are,  tarnished  with  black.  M.  Chevreul  obtained  a  scale 
sofficiently  extensive  for  the  principal  colours  and  their  tones  and 
sh^es  by  the  following  means : — 

BWving  divided  a  circle  into  seventy-two  equal  sections,  he  placed, 
at  equal  distances,  three  patterns  of  tinted  wool,  one  red,  another 
yellow,  the  third  blue ;  as  fresh  and  pure  as  possible,  and  of  the 
same  intensity  of  colour.  Between  those  three  sections,  and  at 
an  equal  distance  from  each,  he  i)laced  orange  l>ctween  the  red  and 
yellow,  green  between  this  latter  and  the  blue,  and  violet  between 
the  blue  and  red.  By  continuing  in  the  same  manner  successive 
intercalations  of  intermediate  colours  and  shades,  he  at  last  obtained 
what  he  called  a  chromatic  circle  of  fresh  colours,  so  as  to  re- 
produce the  spectrum  of  solar  light.  Plate  I.  is  a  reproduction  of 
this  first  circle. 

When  these  seventy-two  shades  were  obtained,  he  took  each 
of  them  to  make  a  complete  scale  formed  by  the  addition  of 
increasing  quantities  of  white  and  black,  in  order  to  have  ten  sub- 
dued tones  and  ten  tones  of  the  same  colour  rendered  clearer  by  white. 
Each  scale  therefore  comprised,  from  pure  white  to  i)ure  black, 
which  were  the  extremities,  twenty  different  tones,  of  which  the 
pure  colour  is  the  tenth,  starting  from  white.  Plate  III.  shows 
the  two  scales  of  yellow  and  violet  reproduced  according  to  the 
types  given  by  M.  Chevreul.^ 

From  this  first  combination  there  are  already  1,440  different 
tones,  all  deduced  from  the  chromatic  scale  of  pure  colours ;  but 
in  successively  subduing  the  seventy-two  tones  of  this  circle  by 
the  addition  of  1,  2,  3,  &c.  tenths  of  black,  nine  circles  of  subdued 

1  '^  Des  Couleiirs  et  de  leiira  Applic^itions  anx  Arts  iinlustriols  h  raido  dos  (Vrcles 
chromatiques."  The  text  of  this  work  is  accompanied  by  twenty-seven  steel 
cn;;ravings,  coloured  by  ivent'  Di^^eoii.  Thanks  to  the  kind  pennission  of  ^l, 
(Jhevreul,  we  have  been  able  to  reproduce  three  of  these  beautiful  plates  here. 

V 
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colours  are  formed  (see  in  Plate  II.  the  chromatic  circle  of  subdued 
colours,  4/10  of  black) ;  and  each  of  the  seventy-two  tones  which 
they  comprise  becoming  in  its  turn  the  type  of  a  scale  of  twenty 
new  ones  proceeding  from  white  to  black,  there  follows,  for  the 
complete  series,  a  scale  of  14,400  tones,  to  which  must  be  again 
added  the  twenty  tones  of  normal  grey,  which  makes  14,420 
different  tones. 

It  is  evident  that  such  an  extensive  scale  ought  to  suflBce  for 
most  of  the  scientific  and  industrial  applications,  and  will  most 
frequently  exceed  the  wants  of  artists.  Unfortunately,  the  rigo- 
rously exact  material  reproduction  of  all  these  colours  is  of  great 
difficulty,  and  it  is  no  less  difficult  to  preserve  the  types  when 
once  they  are  obtained.  The  chromatic  construction  of  M.  Chevreul 
must  be  reproduced  in  unalterable  colours, — for  instance,  in  pictures 
enamelled  on  porcelain.  Scientific  research  would  not  be  less 
interested  than  the  arts  to  possess  fixed  types,  to  which  the  colours 
of  natural  objects,  so  often  changed  by  time,  w^ould  be  brought 
back  again  by  the  help  of  the  order  of  numbers,  and  thus  made 
easy  of  reproduction. 


CHAP.  IX.]  LINKS  OF  THE  SOLAR  SPECTRUM,  .323 


CHAPTOR  IX. 

LIXES   OF   THE   SOL.VIl   SPECTRU>f. 

The  diseoveri&j  of  Wollaston  and  Fniuiihofer ;  dark  lines  distributed  through  the 
different  parts  of  the  solar  spectnuu. — Spectral  lines  of  other  luminous  sources. — 
Spectral  analysis  ;  spectrum  of  metals  ;  invei-sion  of  the  spectra  of  flames. — 
Chemicjil  analysis  of  the  atmosphere  of  the  sun,  of  the  light  of  stars,  nebula>, 
and  comets. 

"VTEWTON,  in  studyiug  the  ditiereut  parts  of  the  solar  spectrum, 
.  ^  by  means  first  of  circular  and  afterwards  of  elongated  apertures, 
could  not  distinguish  any  indication  of  the  precise  limits  of  its 
various  colours :  they  apjwared  to  hlend  with  one  another  in  an 
imperceptible  manner  and  without  interruption.  He  was  persuaded, 
however,  by  his  experiments,  that  the  coloured  rays  which  constitute 
white  light  possess,  from  the  extreme  red  to  the  extreme  violet, 
all  possible  degrees  of  refmngibility,  and  he  regarded  each  of  these 
rays  as  simple  and  homogeneous,  imagining  that  the  light  decom- 
])Osed  by  the  prism  was  spread  out  in  a  continuous  manner 
throughout  the  whole  s|)ectruni. 

It  is  curious  that  Newton  did  not  go  further — that  he  did  not 
reduce  the  aperture  to  a  tine  line  of  light,  in  which  case  the  colours 
would  have  been  seen  in  all  their  purity,  and  wouhl  not  have  been 
mixed  and  confused  by  the  overlapping  of  each  colour  on  its 
neighbour. 

This  step  in  advance  was  reserved  for  the  beginning  of  the  present 
centurv,  and  then  a  great  discoverv  was  made.  It  was  found  that 
lierc  and  there  in  the  ditterent  ctdours  there  were  gaj>s  in  the  light ; 
in  other  words,  that  there  were  dark  lines  in  the  suns  spectrum. 
This  was  lirst  detected  by  Wollaston  in  1802,  but  the  discovery  was 
independently  made  and  largely  elaborated  by  Fraunhofer. 

Y  2 
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Joseph  Frauiiliofer,  who  was  born  in  1787,  at  Straubing,  a  little 
town  in  Bavaria,  was  the  son  of  a  glazier.  He  was  at  first  a  worker 
in  glass,  but,  by  labour  and  pei-severance,  succeeded  in  meriting  the 
reputation  of  being  the  most  ingenious  and  learned  optician  of  our 
century.  Fraunhofer  did  not  confine  himself  to  bringing  the  con- 
struction of  optical  instruments  to  a  perfection  then  unknown ;  but- 
a  consummate  observer,  he  employed  the  instruments  which  he 
manufactured,  to  make  various  discoveries,  amongst  which,  that 
to  which  we  have  referred  is  one  of  the  most  curious  and  most 
fruitful  in  its  results. 

In  the  attempt  to  measure  the  refmctive  indices  of  the  coloured 
mys,  and  to  find  particular  points  in  the  spectrum  capable  of  being 
used  as  marks,  Fraunhofer  discovered  the  great  fact,  that  the  light 
of  the  solar  spectrum  is  not  continuous,  that  it  is  divided  by  a 
multitude  of  fine  black  lines,  which  form  so  many  sharp  inter- 
ruptions in  the  luminous  band. 

In  this  experiment,  which  required  the  most  delicate  manipula- 
tion, he  made  use  of  a  prism  of  pure  flint-glass,  free  from  striae, 
upon  which  a  beam  of  sunlight  was  caused  to  fall,  which  had  pre- 
viously passed  through  a  very  fine  slit  parallel  to  the  edge  of  the 
prism.  The  spectrum  thus  obtained,  when  observed  by  means  of  a 
magnifying  glass,  show^ed  him,  instead  of  a  continuous  band  in  which 
the  colours  blended  with  each  other  without  interruption,  a  ribbon 
crossed  in  the  direction  of  its  width,  with  numerous  dark  and  black 
lines  very  unequally  spread  over  the  spectrum.  The  distribution  of 
these  lines  did  not  appear  to  have  any  relation  with  the  tints  of  the 
principal  colours. 

Fraunhofer  varied  this  experiment  in  a  variety  of  ways ;  but, 
as  long  as  the  luminous  source  w^as  sunlight,  either  direct  or 
reflected,  the  same  dark  lines  always  appeared,  and  preserved  the 
same  relations  of  order  and  intensity.  If,  instead  of  a  flint-glass 
prism,  a  prism  of  any  other  substance,  liquid  or  solid,  is  employed, 
the  distances  only  of  the  lines  vary,  but  othei'wise  they  always 
occupy  the  same  positions  relative  to  the  colours  of  the  spectrum. 

The  illustrious  optician  of  Munich  studied  this  remarkable 
phenomenon  with  infinite  care :  he  determined,  with  great  precision, 
the  positions  of  580  dark  lines,  and,  for  use  as  marks  and  com- 
parison, he  distinguished  among  this  number  eight   principal  lines. 
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which  he  called  by 
the  first  letters  of  the 
alphabet.  Tlie  solar 
spectrum  of  Plate  IV. 
shows  the  position  of 
these  lines,  as  they 
were  obtained  with  a 
prism  filled  with  bi- 
sulphide of  carbon. 
The  lines  a,  b,  c, 
are  all  found  in  the 
red,  the  first  at  the 
extremity  of  the  spec- 
trum, the  second  at 
the  middle  of  the  red, 
and  the  third  at  a 
little  distance  from 
the  orange.  The 
double  line  D  forms 
nearly  the  limit  of  tlie 
orange  near  tlie  green; 
E  in  the  middle  of  this 
last  colour;  F  at  the 
middle  of  the  blue; 
G  and  the  double  line 
H  are,  one  at  the  end 
of  the  indigo  towards 
the  blue,  the  other  at 
the  end  of  the  violet. 
Since  1817,  when 
Fraunhofer  observed 
the  lines  which  bear 
his  name,  new  dark 
lines  have  been  no- 
ticed, and,  at  the  pre- 
sent day,  more  than 
2,000  have  been 
jnapped  by  Kirch- 
hoff  and  Angstrom. 
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We  obtain  some  idea  of  this  multitude  of  lines  in  examining 
Fig.  240,  which  reproduces  a  portion  of  the  solar  spectrum,  com- 
prised between  the  principal  lines  D  and  E.  Brewster,  a  physicist 
much  occupied  in  these  researches,  in  addition  to  the  usual  precau- 
tions indispensable  in  obtaining  a  clear  and  pure  spectrum,  increased 
the  sensibility  of  his  sight  by  using  ammonia  gas,  the  dissolving 
action  of  which  destroyed  the  fluid  veil  which  covers  the  surface 
of  the  eye. 

Fraunhofer  did  not  confine  himself  to  the  study  of  the  lines  which 
break  the  continuity  of  light  in  the  solar  spectrum ;  he  also  applied 
his  beautiful  method  of  obser\'^ation  to  the  spectra  of  other  sources  of 
light.  And  at  first,  as  was  to  be  supposed,  he  found  the  same  lines  in 
the  l)odi('S  which  reflected  solar  light  to  us,  such  as  clouds  op  pure 
sky,  moon  and  planets :  the  lines  were  the  same,  but  they  possessed 
less  intensity.  l\y  obsen'ing  the  spectrum  of  the  brightest  star. 
Sirius  for  example,  he  found  it  also  crossed  by  dark  lines ;  but  much 
less  numerous  and  not  distributed  in  the  same  manner  as  in  the 
solar  spectrum ;  moreover,  he  discovered  that  the  lines  varied  in 
the  various  stars.  Lastly,  he  applied  the  same  method  of  observa- 
tion to  the  electric  light ;  and,  instead  of  dark  lines,  he  saw  in 
this  spectrum  a  certain  number  of  bright  linea 

Such  are  the  celebrated  experiments  which  have  served  as  starting 
points  to  a  series  of  brilliant  discoveries,  the  whole  of  which  now 
constitute  one  of  the  most  important  branches  of  optics^  and  aid 
chemistry  by  the  most  ingenious  and  delicate  method  of  analysis. 
We  will  now  endeavour  to  give  some  idea  of  this  method,  known 
as  spectrum  aiialf/sis. 

Solar  and  stellar  spectra  are,  as  we  have  seen,  striped  with  dark 
lines  which  indicate  interruptions  in  the  emission  of  light,  and 
prove,  contrary  to  what  was  at  first  believed,  that  in  the  liglit 
proceeding  from  these  light  sources  there  are  not  rays  which  possess 
every  possible  degree  of  refrangibility.  The  contrary  effect  takes 
place  in  the  spectra  of  all  incandescent  bodies,  either  in  the  solid, 
liquid,  or  densely  gaseous  condition:  the  spectra  of  these  lights  are 
continuous :  there  are  no  Ijreaks  in  the  spectrum. 

Vapours  and  gasc*s,  hovvever,  whicli  are  not  dense  give  different 
results.  If  we  introduce  into  an  avtiHcial  flame,  such  as  a  jet  of  gjus 
or  a  spii'it-lami),  cert4iin  metallic  substances,  which  the  high  tempem- 
ture  of  the  source  can  convert  into  vapour,  continuous  spectra  are  no 


CHAP.  IX.]  UNES  OF  THE  SOLAR  SPECTRUM. 


337 


longer  observed,  but  bright  lines  separated  by  wide,  comparatively 
dark,  intervals  :  Fraunhofer  had  already  remarked  this.  Gases  also, 
rendered  incandescent  by  the  electric  spark,  give  similar  spectra. 

Since  thia  time,  the  fact  has  been  studied  in  all  its  phases  and 
by  various  methods.  It  has  been  discovered  that  the  bright  linca 
of  metallic  vapours,  and  gases  when  not  very  dense,  vary,  in  number 
and  position,  according  to  the  metal  or  gas ;  and  the  spectra  chaise 
as  tlie  pressure  of  the  gas  is  altered. 


To  study  spectra  of  tliis  kind,  physicists  employ  instruments 
called  epectroficopes.  Fig.  241  represents  one  of  tliese.  The  flame 
of  a  gas-lamp  is  placed  in  the  axis  of  a  lens  to  which  liglit  pene- 
trates tliroTigli  a  narrow  slit ;  the  slit  and  lens  fonning  what  is 
called  the  collimator.  Tlie  slit  being  in  tlie  focus  of  the  lens,  the 
light  pa.sses  through  the  prism  in  a  pamllcl  licam.  The  liylit  which 
prt!«es  through  the  refractive  niediuin  is  made  to  form  an  image  of 
the  slit  at  the  focus  of  aiiotlier  lens,  wliich  image  is  examined  by 


328  PHYSICAL  PHENOMENA.  [book  hi. 


an  eye-piece.  This  arrangement,  wliieli  is  a  great  improvement  upon 
that  adopted  by  Fraunhofer,  is  due  to  an  English  optician  of  great 
celebrity,  Mr.  Simms. 

To  obtain  the  spectrum  of  the  vapour  of  a  metal,  for  instance  that 
of  sodium,  we  introduce  into  the  flame  of  a  lamp  a  platinum  wire, 
impregnated  with  a  concentrated  solution  of  salt,  of  which  this 
metal  forms  the  base,  sea-salt  (chloride  of  sodium)  for  instance. 
We  soon  perceive  a  yellow  ray  of  great  intensity  and  sharp  out- 
line.    This  is  the  only  line  of  the  sodium  spectrum.    (Plate  IV.) 

The  vapour  of  lithium  gives  two  principal  lines,  one  a  pale  yellow, 
the  other  red  and  bright;  potiissium  gives  two  characteristic  lines, 
red  and  violet,  accompanied  by  yellow  and  green  lines  ;  calcium 
gives  a  very  bright  green  line,  one  orange  and  one  blue ;  strontium 
gives  eight  lines,  six  of  which  are  red,  one  orange  and  one  blue  ; 
barium,  two  green  lines;  thallium,  one  green  line,  remarkable 
for  its  brilliancy. 

The  vapours  of  a  great  number  of  simple  bodies  have  thus  been 
studied,  the  bright  lines  of  their  spectra  discovered,  and  their  position 
fixed.  No  two  vapours  or  gases  have  the  same  spectrum.  Hence 
results  a  new  metliod  of  analysis,  which  is  so  delicate  that  a  millionth 
part  of  a  milligramme  of  sodium  is  suflBcient  to  immediately  show 
the  characteristic  yellow  ray  of  the  spectrum  of  this  metal.  Two 
German  chemists  and  physicists,  MM.  Kirchhofif  and  Bunsen,  were 
the  first  to  bring  spectrum  analysis  to  a  high  degree  of  precision. 
"  1  take,"  says  M.  Bunsen,  "  a  mixture  of  the  chlorides  of  alkaline 
metals  and  earths,  sodium,  potassium,  lithium,  barium,  strontium, 
and  calcium,  containing  at  most  a  hundred  thousandth  of  a  milli- 
gramme of  each  of  these  substances;  I  place  this  mixture  in  the 
flame  and  obsene  the  result.  At  first,  the  intense  yellow  line  of 
the  sodium  apj)ears  on  a  background  of  a  continuous  very  pale 
spectrum ;  when  it  begins  to  be  less  sensible  and  the  sea-salt  is 
volatilized,  the  pale  lines  of  the  potassium  appear;  they  are 
followed  by  the  red  line  of  the  litliium,  which  soon  disappears, 
whilst  the  green  rays  of  tlie  barium  appear  in  all  their  intensity. 
The  salts  of  sodium,  potassium,  lithium,  and  barium  ai*e  therefore 
entirely  volatilized ;  a  few  instants  after,  the  calcium  and  strontium 
lines  come  out,  as  if  a  veil  has  been  removed,  and  gradually  attain 
their  form  and  characteristic  brilliancy." 
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By  the  help  of  spectrum  analysis,  the  presence  of  sodium  has 
been  determined  in  the  air  and  the  dust  floating  about  in  a  room. 
The  sensibility  of  the  reaction  of  this  metal  is  so  great,  that  spectro- 
scopic observers  are  obliged  to  take  all  kinds  of  precautions  to 
prevent  the  appearance  of  the  sodium  line ;  even  if  we  dust  a  book 
near  the  instrument,  the  yellow  sodium  line  immediately  appears. 

Four  new  metals  have  been  discovered  by  this  method:  the 
two  first,  caesium  and  rubidium,  by  MM.  Bunsen  and  Kirchhoff ;  the 
third,  thallium,  by  Mr.  Crookes  and  M.  Lamy ;  the  fourth,  indium,  by 
MM.  Ecich  and  Kichter.  The  name  ca?sium  is  given  fi-om  the 
two  blue  lines  in  its  spectrum;  rubidium  from  the  red  lines  which 
characterize  the  spectrum  of  this  metal ;  the  name  thallium  recalls  a 
beautiful  green  line,  and  that  of  indium  a  blue  line  near  the  indigo. 

In  these  various  lines  then  we  have  the  power  of  detecting 
the  gases  and  the  vapours  of  the  various  elements ;  but  this  is  not  all. 
Eecent  researches  undertaken  by  Frankland  and  Lockyer  have  shown 
that  certain  spectra  undergo  great  changes  by  varying  the  pressure, 
and  that  some  lines  in  various  spectra  widen  out,  and  become  diffused 
from  increase  of  pressure,  which  also,  when  long  continued,  changes 
a  tjTpical  gaseous  spectrum — hydrogen,  for  instance — into  a  perfectly 
continuous  one,  similar  to  those  of  solids  or  liquids. 

Frankland  and  Lockyer  have  also  shown  that  the  various  spectra 
produced  by  varying  the  pressure  can  be,  to  a  certain  extent,  repro- 
duced by  varying  the  quantity  of  any  given  vai)our  in  a  mixture. 
Such  researches  as  these  give  us  ground  for  hoping  that  in  time 
this  method  of  analysis  may  be  employed  quantitatively  as  well  as 
qualitatively,  and  explain  Bunsen's  experiment  to  which  we  have 
before  referred. 

But  we  do  not  confine  the  power  of  the  spectroscope  to  terres- 
trial matter ;  it  has  gone  further :  problems  can  be  investigated  and 
solved  by  its  means  which  had  appeared  inaccessible  to  human  in- 
vestigations ;  the  study  of  the  chemical  composition  of  the  heavenly 
bodies,  that  of  the  sun  and  stars — these  suns  so  prodigiously  distant 
from  us ;  of  nebulae,  which  telescopes  show  us  plunged  in  the  abysses 
of  the  ether  at  such  distances  that  the  imagination  can  scarcely 
fathom  the  depth,  and  of  comets. 

Let  us  show  in  a  few  words  how  this  has  been  done. 

If  we  place  a  jet  of  gas  before  the  slit  of  a  spectroscope,  and 
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lessen  it  so  that  it  is  scarcely  perceptible,  and  burns  with  a  bluish 
flame,  >^'e  observe  that,  in  this  condition,  it  will  give  no  spectrum ; 
there  is  complete  darkness  behind  the  prism.  But,  if  a  metallic 
salt  is  introduced  into  the  flame,  sea-salt  for  instance,  the  yellow 
ray  of  the  sodium  immediately  appears,  as  we  have  just  seen.  If, 
at  the  same  time,  and  in  the  same  ini^trument,  we  introduce  a 
solar  ray  in  such  a  manner  that  the  sodium  spectnim  and  the 
solar  spectrum  are  superposed,  a  perfect  coincidence  will  be  noticed 
in  the  position  of  the  sodium  yellow  ray,  and  Fraunhofer's  double 
dark  line  D. 

Now,  for  the  sunlight  let  us  substitute  the  intense  light  known 
as  Drummond's  light, — obtained  by  heating  a  piece  of  lime  in  a  gas 
burner  into  which  a  current  of  oxygen  gas  is  introduced.  The  spec- 
trum of  this  light,  seen  alone,  shows  a  bright  spectrum  of  perfect 
continuity ;  that  is,  containing  none  of  the  dark  lines  of  the  solar 
spectrum.  But  if  we  interpose  between  the  Drummond's  light  and 
the  slit  of  the  spectroscope  a  sodium  flame,  the  yellow  sodium  line 
now  gives  place  to  a  black  line  occupying  precisely  the  same  position 
as  the  bright  line  did  when  the  brighter  light  source  was  not 
behind  it 

It  is  this  phenomenon  which  M.  Kirchhoff  calls  the  "  inversion 
of  the  spectra  of  flames." 

It  has  been  proved  in  regard  to  a  great  number  of  metallic 
spectra.  "  If  we  cause,"  he  says,  "  a  solar  ray  to  pass  through  a 
flame  of  lithium,  we  see  in  the  spectrum,  in  place  of  the  usual  red 
line,  a  dark  line,  which  rivals  by  its  sharpness  the  most  characteristic 
of  Fraunhofer's  lines,  and  which  disappears  on  removing  the  lithium. 
The  reversal  of  the  bright  lines  of  other  metals  is  not  so  easily 
effected;  nevertheless,  M.  Bunsen  and  myself  have  been  fortunate 
enough  to  invert  the  brightest  lines  of  potassium,  strontium,  calcium, 
and  barium.  .  .  ." 

Now,  what  inference  is  to  be  drawn  from  this  singular  fact  ?  It 
is  that  metallic  vapours,  endowed  with  the  property  of  abundantly 
emitting  certain  coloured  rays,  in  preference  to  others,  absorb 
these  same  rays  when  they  emanate  from  a  more  intensely  luminous 
source  and  traverse  tliera.  Thus,  sodium  light,  which  emits  yellow 
rays,  absorbs  the  yellow  rays  of  Drummond's  light  on  their  passage 
through  it.     Hence  results  the  black  line,  which  occupies  the  same 
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position  in  the  continuous  spectrum,  which  the  bright  sodium  line 
previously  held. 

If  this  absorption  is  a  general  fact,  ^  must  he  conchided  tliat 
the  black  lines  observed  in  th€  solar  spectrum,  indicate  tlie  reversal  of 
as  many  bright  lines  by  metallic  vapours  in  the  aimosphcre  of  the  sun. 
This  atmosphere,  to  us,  acts  the  part  of  the  sodium  flame,  and  the 
bright  light  of  the  sun's  body  that  of  the  Drummond*s  light  in  the 
same  experiment 

This  magnificent  discovery,  which  has  at  one  bound  enabled  us 
to  become  familiar  with  the  constituents  of  the  atmospheres  of  all 
the  stars  of  heaven  which  are  bright  enough  to  show  a  spectrum, 
is  generally  accorded  to  Kirchhoff  and  Bunsen,  but  the  credit  of  it 
is  really  due  to  an  Englishman,  Professor  Stokes,  who  taught  it  as 
early  as  1852,  while  Kirchhoff  and  Bunsen  did  not  announce  their 
discovery  till  1859. 

The  observational  and  experimental  foundations  on  which  Pro- 
fessor Stokes  rested  his  teaching  were  as  follows:^  — 

(1)  The  discovery  by  Fraunliofer  of  a  coincidence  between  his 
double  dark  line  D  of  the  soleir  spectrum  and  a  double  bright  line 
which  he  observed  in  the  spectra  of  ordinary  artificial  flames. 

(2)  A  very  rigorous  experimental  test  of  this  coincidence  by 
Professor  W.  H.  Miller,  which  showed  it  to  be  accurate  to  an 
astonishing  degree  of  minuteness. 

(3)  The  fact  that  the  yellow  light  given  out  when  salt  is  thrown 
on  burning  spirit  consists  almost  solely  of  the  two  nearly  identical 
qualities  wliich  constitute  that  double  bright  line. 

(4)  Observations  made  by  Stokes  himself,  which  showed  the 
bright  line  D  to  be  absent  in  a  candle-flame  when  the  wick  was 
snuffed  clean,  so  as  not  to  project  into  the  luminous  envelope,  and 
from  an  alcohol  flame  when  the  spirit  was  burned  in  a  watch- 
glass.     And 

(5)  Foucault's  admirable  discovery  (L'lnstitut,  Feb.  7,  1849)  that 
the  voltaic  arc  between  charcoal  points  is  "  a  medium  which  emits 
the  ravs  D  on  its  own  account,  and  at  the  same  time  absorbs  them 
when  they  come  from  another  quarter." 

The  conclusions,  theoretical  and  pnictical,  w^hich  Professor  8t(jkes 

1  See  Sir  W.  Thomson's  Address  as  President  of  the  British  Association 
in  1871. 
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taught,  and  which  Professor  Thomson  gave  regularly  afterwards  in 
his  public  lectures  in  the  University  of  Glasgow,  were  : — 

(1)  That  the  double  line  D,  whether  bright  or  dark,  is  due  to 
vapour  of  sodium. 

(2)  That  the  ultimate  atom  of  sodium  is  susceptible  of  regular 
elastic  vibrations,  like  those  of  a  tuning-fork,  or  of  stringed  musical 
instruments;  that,  like  an  instrument  with  two  strings  tuned  to 
approximate  unison,  or  an  approximately  circular  elastic  disk,  it  has 
two  fundamental  notes  or  vibrations  of  approximately  equal  pitch ; 
and  that  the  periods  of  these  vibrations  are  precisely  the  periods 
of  the  two  slightly  different  yellow  lights  constituting  the  double 
bright  line  D. 

(3)  Tliat  when  vapour  of  sodium  is  at  a  high  enough  temperature 
to  become  itself  a  source  of  light,  each  atom  executes  these  two 
fundamental  vibrations  simultaneously ;  and  that  therefore  the  light 
proceeding  from  it  is  of  the  two  qualities  constituting  the  double 
bright  line  D. 

(4)  That  when  vapour  of  sodium  is  present  in  space  across  which 
light  from  another  source  is  propagated,  its  atoms,  according  to  a 
well-known  general  principle  of  dynamics,  are  set  to  vibrate  in 
either  or  both  of  those  fundamental  modes,  if  some  of  the  incident 
light  is  of  one  or  other  of  their  periods,  or  some  of  one  and  some 
of  the  other ;  so  that  the  energy  of  the  waves  of  those  particular 
qualities  of  light  is  converted  into  thermal  vibrations  of  the 
medium  and  dispersed  in  all  directions,  while  light  of  all  other 
qualities,  even  though  very  nearly  agreeing  with  them,  is  trans- 
mitted with  compamtively  no  loss. 

(5)  That  Fraunhofer's  double  dark  line  D  of  solar  and  stellar 
spectra  is  due  to  the  presence  of  vapour  of  sodium  in  atmospheres 
surrounding  the  sun  and  those  stai-s  in  whose  spectra  it  had  been 
observed. 

(6)  That  other  vapours  than  sodium  are  to  be  found  in  the 
atmospheres  of  sun  and  stare  by  searching  for  substances  producing 
in  the  spectra  of  artificial  flames  bright  lines  coinciding  with  other 
dark  lines  of  the  solar  and  stellar  spectra  than  the  Fraunhofer 
line  I). 

Studying  from  this  point  of  view  the  dark  lines  of  the  solar 
spectnmi,  Bunsen  and  Kirchhoff  were  enabled  to  prove  the  coin- 
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cidence  of  a  great  number  of  them  with  tlie  bright  lines  of  certain 
metals.  For  example,  the  seventy  bright  lines  of  iron,  different  in 
colour,  width,  and  intensity,  coincide,  in  every  point  of  view,  and 
precisely  in  the  same  way,  with  tlie  seventy  dark  lines  of  the  sun; 
which  makes  it  impossible  to  doubt  that,  in  the  solar  atmosphere, 
iron  exists  in  the  state  of  vapour.  In  Fig.  240,  a  certain  number 
of  these  lines  are  seen,  marked  Fe.  The  same  savants  discovered 
the  presence  of  nine  other  simple  l)odies  in  the  atmosphere  of  the 
sun, — hydrogen,  copper,  zinc,  chromium,  nickel,  magnesium,  barium, 
calcium,  and  sodium;  and  it  is  probable  that  to  this  list  we  may 
add  cobalt,  strontium,  and  cadmium.  This  work  has  recently  been 
extended  by  the  researches  of  Angstrom  and  Thalen.  From  the 
absence  of  the  characteristic  lines  of  other  metals,  such  as  gold, 
silver,  platinum,  &c.  in  the  solar  spectrum,  it  was  believed,  at  first, 
that  these  bodies  are  not  found  in  the  sun,  at  least  in  the  outer 
strata  which  form  its  atmosphere ;  but  this  conclusion  is  too  absolute, 
as  is  shown  by  new  researches  due  to  M.  Mitscherlich,  which  may 
probably  be  explained  by  the  observations  of  Frankland  and  Lockyer 
before  alluded  to. 

We  sum  up  then  what  we  have  stated,  as  follows : — 

Solids,  liquids,  and  vapours  ami  yases  uhen  daise,  give  us  can- 
tinuaus  spectra  without  bright  lines.  Vapours  and  gases  wJun  not 
dense  give  us  continuous  spectra  unth  bright  lines. 

Changes  in  the  lines  composing  the  spectrum,  and  in  the  thickness 
of  the  lines y  are  brought  about  by  changes  of  pressure. 

Gases  and  vapours  absorb  those  rays  which  they  themselves  emit  if  a 
brighter  light  source^  is  behind  them ;  this  ahsorjjtion  is  continuous  or 
selective,  as  the  radiation  is  continuous  or  selective. 

This  is  one  among  many  results  brought  about  by  employing 
many  prisms  to  give  considerable  dispersion,  and  therefore  a  very 
long  spectrum.  There  is  another  which  reads  almost  like  a  fairy 
tale ;  so  impossible  does  it  at  first  sight  appear,  that  we  can  thus 
measure  the  velocities  of  the  stars  in  tlieir  paths,  or  the  rate  at 
which  solar  storms  travel  by  such  means :  but  of  this,  more 
presently. 

One  of  the  recent  advances  in  the  application  of  tlie  spectroscope 
to  the  examination  of  the  celestial  bodies,  arises  from  the  following 
considerations : — 
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The  light  from  solid  or  liquid  bodies  is  scattered  broadcast,  so  to 
speak,  by  the  prism  into  a  long  band  of  light,  called  a  continuous  spec- 
trum, because  from  one  end  of  it  to  the  other  the  light  is  persistent. 

The  light  from  gaseous  and  vaporous  bodies,  on  the  contrary, 
is  most  brilliant  in  a  few  channels ;  it  is  hiisharuied,  and,  instead  of 
being  scattered  broadcast  over  a  long  band,  is  limited  to  a  few  lines 
in  the  band — in  some  cases  to  a  very  few  lines. 

Hence,  if  we  have  two  bodies,  one  solid  or  liquid  and  the  other 
giseous  or  vaiK)rous,  which  give  out  exactly  equal  amounts  of 
light,  then  the  bright  lines  of  the  latter  will  be  brighter  than  those 
parts  of  the  spectrum  of  the  other  to  which  they  correspond  in 
colour  or  refrangibility. 

Again,  if  the  gaseous  or  vaporous  substance  gives  out  but  few 
lines,  then,  although  the  light  which  emanates  from  it  may  he  much 
less  brilliant  than  that  radiated  by  a  solid  or  liquid,  the  light  may 
be  so  localized,  and  therefore  intensified,  in  one  case,  and  so  spread 
out,  and  therefore  diluted,  in  the  other,  that  the  bright  lines  from 
the  feeble  light  source  may  in  the  spectroscope  appear  much  brighter 
than  the  corresponding  parts  of  the  spectrum  of  the  more  lustrous 
solid  body.  Now  here  comes  a  very  important  point :  supposing  the 
continuous  spectrum  of  a  solid  or  liquid  to  be  mixed  with  the  dis- 
continuous spectrum  of  a  gas,  we  can,  by  increasing  the  number  of 
prisms  in  a  spectroscope,  dilute  the  continuous  spectrum  of  the  solid 
or  liquid  body  very  much  indeed,  and  the  dispersion  will  not 
seemingly  reduce  the  brilliancy  of  the  lines  given  out  by  the  gas  ; 
as  a  consequence,  the  more  dispersion  we  employ  the  brighter 
relatively  will  the  lines  of  the  gaseous  spectnim  appear. 

Let  us  apply  this  to  the  prominences  seen  round  the  sun  in  an 
eclipse. 

The  reason  why  we  do  not  see  the  prominences  every  day  is  that 
they  are  put  out  by  the  tremendous  brightness  of  our  atmosphere 
near  the  sun,  a  brightness  due  to  the  fact  that  the  particles  in  the 
atmosphere  reflect  to  us  the  nearly  continuous  solar  spectrum.  There 
is,  as  it  wei*e,  a  battle  between  the  light  proceeding  fixnn  the  i)r()nii- 
nences  and  the  light  reflected  by  the  atmosphere,  and,  exce])t  iu 
eclipses,  the  victory  always  remains  with  the  atmosphere. 

We  see,  however,  in  a  moment,  that  by  bringing  a  spectroscoi>e 
on  the  field  we  might  turn  the  tide  of  battle  altogether,  since  the 
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prominences  are  gaseous,  as  the  reflected  continuous  spectrum  is 
dispersed  almost  into  invisibility,  the  brilliancy  of  the  prominence 
lines  scarcely  sufTering  any  diminution  by  the  process.  This  reason- 
ing was  first  successfully  put  to  the  test  by  a  distinguished  French 
physicist,  M.  Janssen,  in  1868. 

Is  it  not  wonderful,  that  the  dispersion  of  light  not  only  explains 
with  such  accuracy  the  chemical  composition  of  the  bodies  whence 
it  emanates,  and  preserves,  after  a  passage  of  millions  upon  millions 
of  miles,  the  traces  of  absorption  of  various  rays, — a  certain  in- 
dication of  the  presence  of  simple  bodies  suspended  in  an  atmosphere 
which  astronomers  only  suspected,  and  the  existence  of  which  is 
thus  confirmed, — ^but  enables  us  to  measure  velocities,  and  even  to 
study  the  meteorology  of  our  sun  ?  as  we  shall  see  shortly.  Spec- 
trum analysis  thus  applied  to  sun,  stars,  planets,  nebulae,  comets, 
furnishes  valuable  indications  as  to  the  intimate  constitution  of 
these  bodies,  and  solves  problems  which  the  most  powerful  optical 
instruments  would  doubtless  never  have  unravelled.^  It  is  thus 
that  the  sciences  mutually  help  each  other:  progress  realized  by 
one  of  them  is  nearly  sure  to  promote  new  discoveries  in  others. 

^  For  fuller  particulars  on  this  branch  of  the  inquiry  see  ''  The  Heavens/'  a 
companion  work  to  this,  published  by  Mr.  Bentley. 
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CHAPTER  X. 

SOLAR   RADIATIONS. — CALORIFIC,  LUMINOUS,  AND   CHEMICAL. 

Diviaions  of  the  spectrum  ;  maximum  luminous  intensity  of  the  spectrum.— Obscure 
or  dark  rays  ;  heat  rays  ;  chemical  rays. — Fluorescence,  calorescence. 

ryiHE  difl'erent  parts  of  the  solar  spectrum  are  distiuguished  not 
-*"  only  by  the  unequal  refrangibility  of  the  rays  which  produce 
them,  by  their  colours,  and  by  the  greater  or  less  vividness  of  their 
brilliancy,  but  by  their  warming  or  calorific  action,  as  well  as  by 
their  power  of  modifying,  to  different  degrees,  certain  substances  in 
a  chemical  point  of  view. 

When  the  luminous  intensities  of  the  seven  principal  colours 
are  compared  together  in  the  same  spectrum,  we  at  once  perceive 
that  the  brightest  portion  is  found  in  the  yellow.  From  this 
point  the  brightness  diminishes  towards  the  red,  and  the  violet. 
We  see,  moreover,  that  the  coloura  can  be  naturally  divided  into 
two  classes:  the  first,  comprising  the  more  luminous  colours,  red, 
yellow,  and  green ;  the  second,  the  darker  colours,  blue,  indigo,  and 
violet;  there  are  continuations  of  the  spectra  in  both  directions 
which  are  invisible  to  the  eye.  Thus  we  have  the  uttra-red  and 
the  ultra-violet  rays.  In  fact  we  must  look  upon  the  spectrum  as 
composed  of  heat-rays,  light-rays,  and  chemical  rays,  the  second 
only  of  which  are  completely  visible  to  us.  A  very  simple  experi- 
ment enables  us  to  judge  of  the  difference  which  exists  between 
the  illuminating  powers  of  different  colours :  if  we  take  the  pages 
of  a  book,  and  receive  the  spectrum  on  the  printed  portion  of  the 
paper,  we  shall  find  that  the  characters  can  be  easily  read  in  the 
orange,  yellow,  and  green ;  whilst  it  is  scarcely  possible  to  read 
those  which  receive  the  other  colours. 

According    to    Fraunhofer,    who    studied    photometrically    the 
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lumiuous  intensities  of  the  colours  of  the  spectrum,  the  maximum 
brightness  is  found  between  the  lines  D  and  E;  but  this  point  is 
nearer  D,  and  its  distance  from  this  last  line  is  about  the  tenth 
part  of  the  total  interval  D  E.  More  precise  methods  have  de- 
termined numerically  the  illuminating  power  of  the  spectrum  at 
the  points  where  it  is  cut  by  the  eight  principal  lines  of  Fraun- 
hofer.  Taking  the  maximum  brightness  at  a  thousand,  the  follow- 
ing are  the  luminous  intensities: — 

Coloani.  Luritinmut  intenHitiefi.  Linm. 

Extreme  red imperceptible A 

Red 32 B 

RihI \U (J 

Orange 640 D 

Yellow KMX) 

Green 480 E 

Blue 170 F 

Indigo 31 (> 

Extreme  violet G H 

Tliis  refers  only  to  the  relative  intensities  of  the  colours  of  the 
solar  spectrum,  not  to  those  of  other  spectra,  nor  to  the  similar  colours 
of  various  substances.  These  are  pure  colours,  without  mixture  of 
white  or  black:  mixtures  of  black  with  primitive  colours  include, 
as  we  have  seen  in  explaining  the  classification  of  colours  by 
M.  Chevreul,  all  the  category  of  dark  colours  called  browns ;  the 
tints  of  which  are  no  longer  those  of  the  corresponding  ones  in  the 
spectrum;  the  same  holds  with  clear  and  bright  colours  obtained 
by  increasing  proportions  of  white. 

Some  time  ago  the  question  arose  whether  the  heat  of  the  solar 
rays  was  ec^ually  distributed  througliout  the  whole  length  of 
tlie  spectrum,  or  if,  on  the  contrary,  tlie  difl'erently  coloured  rays, 
besides  their  difference  of  luminous  intensity,  also  possessed  unequal 
calorific  powers.  Some  experiments  made  by  the  AbW  liochon 
led  to  the  belief  that  the  most  luminous  ravs  were  also  the  most 
calorific,  so  that  tlie  maximum  heating  was  in  the  yellow ;  but 
other  physicists  assumed  that  this  maximum  was  in  the  red,  or 
i-ather  bi*yond  the  extreme  red.  According  to  Seebeck  (1828),  all 
these  opinions  are  tnie,  because  heat,  transmitted  by  the  coloured  r^ys, 
being  unequally  absorbed  according  to  the  nature  of  the  prism,  the 
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position  of  tlie  maximum  calorific  rays  must  depend  on  the  sub- 
stance of  this  latter ;  and,  indeed,  this  physicist  showed  that  the 
most  intense  calorific  rays  are  those  of  the  yellow,  orange,  red,  and 
extreme  red,  as  the  solar  light  is  dispersed  by  the  aid  of  prisms 
formed  with  water,  sulphuric  acid,  ordinary  glass,  or  English  flint- 
glass.  As  rock-salt  absorljs  little  or  no  heat,  either  dark  or 
luminous,  the  calorific  powers  of  the  differently  coloured  rays  can  be 
best  compared  by  using  a  prism  of  this  substance.  Working  thus, 
Melloni  proved  that  tlie  temperature  of  these  rays  increases  in 
])assing  from  the  violet  to  tlie  red ;  and  that  the  maximum  calorific 
e fleet  is  produced  beyond  the  red,  at  a  distance  from  the  extreme 
limit  of  tlie  red  equal  to  that  which  exists  between  this  and  the 
yellow.  Beyond  this  point  the  heat  decreases ;  but  is  still  per- 
ceptible when  it  has  reached  a  distance  fi-om  the  red  equal  to  the 
■whole  extent  of  the  luminous — that  is,  the  visible — spectrum. 

This  remarkable  result  acquired  a  fresh  degree  of  importance 
when  the  solar  rays  were  studied  from  another  point  of  view. 
AVe  all  know  the  influence  of  sunlight  on  material  colours,  when 
these  colours  are  given  either  to  stuffs,  paper,  wood,  or  other  oi^nic 
substances.  Coloured  curtains  fade  with  daylight;  yellow  cotton  or 
linen  is  bleached  when  exposed  to  the  sun.  We  imderstand,  in 
the  present  day,  how  necessary  light  is  to  the  complete  develop- 
ment of  health,  and  even  to  the  life  of  vegetables  and  animals. 

Now,  these  multiple  influences,  to  which  we  shall  have  occasion 
to  return,  consist  in  a  series  of  chemical  actions  in  the  decompositions 
or  combinations  of   substances.     Chlorine  and  hydrogen,  which  in 
the  dark  have  no  action  on  each  other,  combine,  when  exposed  to 
the  light,  forming  hydix)chloric   acid.     If  the  flask  which   contains 
them  is  exposed  to  the  diffused  daylight,  the  combination  is  effected 
slowly ;    in   the  solar  rays,  it  takes  place  suddenly,  and  explosion 
is  the  result.     Light  decomjHJses  salts  of  gold,  silver,  and  platinum. 
Heliography,  which  was   discovered   by  Niepce  and  Daguerre,  and 
all   actual   processes    of  photography,  are   based   on   the    chemical 
action  of  luminous  rays,  either  from  the  sun,  moon,  or  other  suffi- 
ciently intense  luminous  source.    AVe  shall  describe  these  further  on  ; 
we  will  now  indicate   the  phenomena  themselves.     Mr.  Butberford, 
wh6   has  photographed  the   spectrum  with  unequalled   success,  has 
determined  that  the  maximum  chemical  effect  lies  near  the  line  G. 
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The  same  question  presents  itself  here  as  in  regard  to  tlie 
illuminating  and  heating  effects.  We  require  first  to  know  if  the 
different  regions  of  the  solar  spectrum  are  endowed  witli  tlie  same 
faculty  of  chemical  action,  or  if  this  efficacy  varies  in  dift'erent  parts 
of  the  spectrum.  Now  Scheele,  who  in  1770  had  ascertained  the 
action  of  light  on  chloride  of  silver,  discovered  also  that  the  coloured 
rays  of  the  spectrum  act  unequally  in  producing  this  decomposition. 
It  was  afterwards  discovered  not  only  that  the  chemical  rays 
increase  in  intensity  in  passing  from  red  to  violet  to  such  a  degree 
that  the  chloride  in  question  blackened  in  a  few  minutes,  when  it 
received  the  concentrated  rays  of  the  violet  part  of  the  spectruu), 
whilst  it  reijuii'ed  several  hours,  if  it  received  rays  between  and 
including  the  green  and  red  rays;  but  that  beyond  the  extrenie 
violet,  in  the  dark  portion  of  the  sjjectrum,  chemical  action  con- 
tinued at  a  considerable  distance  beyond  the  luminous  portions. 

The  intensity  of  chemical  radiation,  which  varies  for  one  substance 
according  to  the  position  of  the  rays  in  the  spectrum,  does  not 
attain  its  maximum  at  the  same  point  for  ditt'erent  substances. 
This  maximum  is  not  the  same  for  salts  of  silver  as  for  salts  of 
gold,  nor  for  the  latter  as  for  salts  of  potassium. 

The  following  phenomenon  is  worthy  of  remark :  the  spectrum 
which  may  be  called  chemical,  to  distinguish  it  from  the  luminous 
and  heat  spectmm,  possesses  mys  like  the  first  of  tho.se.  In  the 
dark  portions  of  a  spectrum  photographed  by  means  of  chloride  of 
silver,  white  lines  may  be  observed  which  indicate  an  interruption 
of  chemical  action,  and  their  position  coincides  precisely  with  Fraun- 
hofer's  line.  But,  l^eyond  the  violet,  other  rays  exist,  which  naturally 
have  no  corresponding  ones  in  the  luminous  spectrum.^ 

Professor  Stokes,  by  enabhng  us  to  see  these  invisible  rays,  has 
given  us  the  reason  why  they  are  ordinarily  invisible.  If  we  receive 
these  rays  on  a  screen  washed  with  a  solution  of  sulphate  of  quinine, 
they  are  at  once  visible  as  blue  light ;  we  have  the  phenomenon  of 
fivxyresctncty  which  can  also  be  rendered  visible  by  other  means. 

The  explanation  of  the  phenomenon  of  fluoi'cscciice  is  that  the 
ultra-violet  rays,  which  move  too  rapidly  for  our  eyes,  have  their 

*  Nevertheless,  the  most  refrangible  rays,  like  the  violet,  are  not  completely 
invisible.  According  to  J.  Herschel,  the  ultra-violet  rays,  acting  on  the  retina,  give 
a  shade  called  by  him  lavender-grey. 

Z  2 
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velocity  retarded — toned  down — and  are  thus  brouglit  within  the 
range  of  visibility  and  known  colour.  The  heat  rays  have  been 
similarly  rendered  visible  by  Professor  Tyndall  in  the  phenomenon 
of  calorcsccncc. 

Thus,  the  solar  spectrum  is  more  complete  than  was  at  first 
believed,  by  studying  only  the  impressions  produced  on  the  eye.  It 
appears  to  be  formed  of  three  superposed  spectra ;  one  giving  light 
and  colours ;  another,  the  action  of  which  is  sensible  to  the  ther- 
mometer, reveals  to  us  the  warming  or  calorific  property  of  the 
solar  rays ;  and  lastly,  a  third  teaches  us  how  much  their  chemical 
activity  varies.  But,  do  three  kinds  of  rays  exist,  as  was  at  first 
supposed  ?  Delicate  experiments,  among  which  we  only  quote  that 
wliicli  implies  the  identity  of  the  rays  of  the  luminous  spectrum 
and  those  of  the  chemical  spectrum,  prove  that  there  is  identity 
between  the  different  radiations.  The  same  rays  produce,  in  one 
place,  varied  colours ;  in  another,  variable  luminous  intensities : 
here,  unequally  distributed  intensities  of  heat;  there,  chemical 
combinations  and  decompositions.  Only,  the  ray,  which  is  endowed 
with  considerable  calorific  and  chemical  power,  does  not  excite  in 
us  the  luminous  sensation,  or  rathej,  only  exercises  on  our  retina 
an  inappreciable  influence.  Thus,  as  there  are  sounds  in  Nature  to 
which  our  ears  are  not  attuned,  so  are  there  colours  in  the  spectrum 
which  will  for  ever  remain  invisible  to  us. 
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CHAPTER  Xr. 


PHOSPHORESi'ENCK. 


Phenomena  of  spontaneous  phosphorescence. — Animal  and  vegetable  phosphores- 
cence.— Glow-worms  and  fulgiine  ;  infusoria  and  medusce. — Different  conditions 
which  determine  the  phosphorescence  of  bodies.— Phosphorescence  by  inso- 
ktion. — BecquerePs  phosphoroscope. 

TX7E  have  already  alluded  to  fluorescence  ;  tliere  is  another  curious 
'  '       phenomenon  which  differs  from  fluorescence  in  this,  that  it 
remains  for  long  after  the   exciting   source  of   light  is  withdrawn. 
The  history  of  the  discovery  of  pliosphorescence  is  a^  follows : — 

In  1677,  an  alchemist  of  Hamburg,  named  Brandt,  discovered 
by  a  process  which  he  at  first  kept  secret,^  a  new  body  endowed, 
among  other  singular  properties,  with  tlie  property  of  emitting  a 
continuous  luminous  smoke  when  it  was  exposed  to  the  air.  Hence 
the  name  phosphorus  (from  ^w?,  light ;  0epoi,  to  bear)  applied 
to  this  substance,  which  is  one  of  tlie  sixty-six  simple  bodies  now 
recognized.  If  we  trace  characters  on  a  wall  with  a  stick  of 
phosphorus,  they  will  appear  as  luminous  lines  in  the  dark,  and 
will  not  ceas©  to  shine  until  after  the  complete  disappearance,  either 
by  slow  combustion  or  evaporation,  of  the  phosphorescent  matter. 

Long  before  the  discovery  of  this  body,  the  name  of  phos])hori 
was  given  to  all  substances  which,  like  it,  emitted  light,  without 
being  accompanied  by  sensible  heat ;  such  as  wood,  decomposed 
by  the  action  of  moisture ;  dead  salt-water  fish  not  yet  putrified, 
the  shining  of  which  is  communicated  to  the  water  itself,  when  it 
is  agitated  for  some  time ;  and  lastly,  a  great  number  of  mineml 

'  A  few  years  after  Brandt,  Kunckel  discovered  the  means  of  obtaining  phos- 
phorus. A  century  later,  in  1769,  Scheele  proved  that  it  exists  in  abundance  in  the 
Itones  of  men  and  animals. 
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substances,  M-heii   tliey   are   submitted   to  blows   or  to   mechanical 
friction,  or  \\\\o\i  tliey  have  l.)eeu  exposed  to  the  solar  rays. 

It  is  to  this  emission  of  spontaneous  or  artificial  light  that 
l)liysicists  liave  <^iven  the  name  of  pJwsphoresiXiicc,  Phosphorescence 
is  not  peculiar  to  inorganic  or  lifeless  matter.  When,  on  a  warm 
evening  in  June  or  July,  we  walk  in  the  country,  it  is  not 
uncommon  to  see  in  the  grass  and  under  the  bushes  a  multitude 
of  small  lights,  which  shine  like  ten'estrial  stars:  these  are  the 
lampyres,  or  glow-worms,  a  species  of  coleoptera,  the  larvae  of  which, 
like  the  perfect  insect,  but  in  a  less  degree,  possess  the  property 
of  emitting  a  greenish  blue  light.  The  fulgora  or  lantern  fly,  and 
the  cucuyos  of  Mexico  and  Bmzil,  shine  during  the  night  with  a 
light  sutticitMitly  bright  to  enable  one  to  read.  Certain  flowers, 
like  the  tlnwers  of  the  marigold,  nasturtium,  and  Indian  rose,  have 
been  considered  as  phosphorescent,  but  it  now  appears  to  be  proved 
that  this  is  a  mistake  ;  it  is  certain  that  fifteen  ])hanei\)gamic  plants, 
and  eight  or  nine  cryptogamic  ones,  emit  light;  but  only  in  the 
evening  after  they  have  been  receiving  the  suns  light;  so  that 
exposure  to  the  sun  a])])ears  to  be  t^)  them  a  condition  essential  to 
phosphorescence.  The  phosphorescence  of  the  sea  is  produced  by 
myriads  of  animalcuhe,  which,  like  the  lampyres  and  fulgone, 
emit  a  light  sulliciently  bright  to  give  to  the  waves  the  appearance 
of  fii-e.  It  is  now  infusoria,  now  medusie,  starfishes,  &c.,  which 
diffuse,  some  a  blue,  others  red  or  green  lights,  or  even  give  the 
sea  a  whitish  tint,  to  which  sailors  give  the  name  of  sea  of  snow, 
or  sea  of  milk. 

Calcined  oyster-shells  Ijecome  luminous  when  they  ere  exposed 
t<j  the  light  of  the  sun  :  this  property  is  due  to  tjie  sulphide  of 
calcium ;  it  is  also  j>ossessed  by  the  suli>hides  of  barium  and 
strontium.^ 

Phosphorescence  can  be  induced  in  a  great  many  substances 
by  mechanical  or  chemical  action  ;  this  may  be  noticed  on  break- 
ing  sugar,  the   light   l>eing   produced   at  the    moment   of   rupture. 

*  CHinton,  hu  English  physicist,  discoverctl  in  1764  the  phosphorescence  o 
calcined  oyster-shells  ;  hence  the  sulphide  of  calcium  is  called  Canton's  phosphonis 
V.  Calciarolo,  a  workman  of  Bologna,  discovered  the  phosphorescence  of  calcine 
sulphate  of  hairy ta  ;  hence  the  name  Bologna  phosphonis  which  is  given  to  sulphat 
of  hariuni. 
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Similar  effects  are  produced  by  nibbing  two  pieces  of  quartz  against 
each  other,  also  chalk,  or  chloride  of  calcium,  or  on  separating 
plates  of  mica  by  cleavage.  Elevation  of  temperature  also  pro- 
duces phosphorescence.  Fluorspar,  diamonds  and  other  precious 
stones,  chalk,  sulphate  of  potassium  and  quinine,  emit  light. when 
they  are  placed  in  contact  with  warm  substances.  We  shall  S(M} 
further  on,  that  electricity  Is  able  to  produce  the  same  effects  in 
bodies  which  are  bad  conductors. 

Thus  we  have  a  series  of  phenomena  in  which  the  production 
of  light  is  neither  the  result  of  rapid  combustion  at  a  high  tem- 
perature, nor  that  of  a  vivid  illumination  which  disappears  as 
soon  as  the  source  ceases  to  be  in  the  presence  of  the  illumined 
object.  All  the  bodies  which  we  have  mentioned,  and  which 
peculiar  circumstances  render  phosphorescent,  acquire,  for  a  limited, 
but  often  considerable  time,  the  property  of  being  luminous  by 
themselves,  of  emitting  light  perceptible  in  the  dark,  and  strong 
enough  to  illuminate  objects  lying  near  them. 

Phosphorescence  appears  to  be  due  to  multiple  causes:  in 
organized  and  living  beings,  the  mode  of  producing  light  is  nearly 
unknown.  We  only  know  that  the  will  of  the  animal  i)lays  a 
certain  part,  that  a  moderate  temperature  is  necessary  to  the 
emission  of  the  light,  as  also  is  the  presence  of  oxygen  gas.  A 
sharp  cold  or  intense  heat  both  cause  it  to  disapjiear.  In  phos- 
phorus, decayed  wood,  dead  fish,  &c.,  the  production  of  light  is 
doubtless  due  to  chemical  action, — that  is,  to  slow  combustion  ; 
for,  in  vacuo,  all  phosphorescence  ceases.  It  follows,  therefore, 
from  the  facts  above  stated,  that  exposure  to  the  sun,  elevation 
of  temperature,  electricity,  and  mechanical  action,  in  which  elec- 
tricity and  heat  doubtless  take  part,  are,  in  many  cases,  favourable 
conditions  to  the  develoj)ment  of  phosphorescence.  This  singular 
mode  of  production  of  light  has  recently  been  the  subject  of  very 
interesting  studies,  by  MM.  Biot,  Matteucci,  and  principally  by  M. 
Edmond  Becquerel.     We  will  rapidly  glance  at  some  of  these. 

It  has  long  been  known  that  phosphorescence  is  a  property 
which  can  be  momentarily  acquired  by  a  number  of  bodies, 
especially  in  a  solid  or  gaseous  state:  paper,  amber,  silk,  and  a 
multitude  of  other  substances  of  organic  origin ;  oxides  and  salts 
of  alkaline  and  earthy  metals,  and  of  uranium ;  and  a  great  many 
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gases.  But  no  other  metals,  nor  their  compounds,  nor  any  other 
kind  of  liquid,  has  up  to  the  present  time  manifested  the  slightest 
trace  of  this  phenomenon. 

The  tints  of  phosphorescent  light  vary  according  to  the  nature 
of  the  body  which  emits  it :  thus  precious  stones  emit  a  yellow  or 
blue  light ;  sulphides  of  strontium,  barium,  and  calcium  give  all 
the  shades  of  the  spectrum,  from  red  to  violet.  But  a  singular 
fact  proved  by  M.  Ed.  Becquerel  is  that  the  tint  and  brightness  of 
the  light  do  not  depend  alone  on  the  temperature,  but  also  on 
the  mode  of  producing  the  sulphides,  and,  what  is  still  more  singular, 
on  the  molecular  state  of  the  salts  whence  they  have  been  produced. 
Thus,  having  taken  different  carbonates  of  lime,  spar,  chalk,  &c., 
and  having  treated  them  with  sulphur,  he  obtained  six  sulphides 
of  calcium  which,  exposed  to  the  sun,  become  phosphorescent,  and 
in  darkness  presented  the  following  tints: — 

Tint  of  the  Light. 

(leeluud  Hptir Orange  yellow. 

Chalk Yellow. 

- -         ^     Lime Green. 

(Calcium  obtained     {     Fibrons  arrajronite     ....  Green. 

^''^'"  I     Marble Rose  violet. 

\    Arragonite  of  Vertaison      .     .     Rose  violet. 

"  If  I  may  be  allowed  the  com])arison,*'  says  M.  Edmond 
Becquerel,  in  regard  to  these  facts,  "  I  could  say  that  these  last 
bodies,  on  account  of  their  luminous  effects,  are  analogous  to  the 
sonorous  cords  which  produce  different  sounds  according  to  their 
tension." 

Elevation  of  temperature  accelerates  phosphorescence,  but  it  also 
exhausts  it  quickly:  for  the  light  obtained  does  not  last  long.  It 
has  also  the  effect  of  modifying  the  tints ;  thus  sulphide  of  strontium, 
blue  at  the  ordinary  temperature,  passes  to  a  blue  violet,  clear  blue, 
green,  yellow,  and  lastly  to  orange,  when  its  temperature  is  raised 
i'rom  20  degrees  below  zero  to  150  degrees  above. 

It  will  be  of  much  interest  to  study  the  manner  in  which  the 
different  rays  of  the  spectrum  act  on  bodies  in  determining  their 
phosphorescence,  from  the  chemical  mys  situated  in  the  dark  part 
of  the  spectrum  beyond  the  violet,  to  the  heat-rays  beyond 
the  red.  In  order  to  observe  this,  the  spectrum  is  projected  on 
bands   covered   with    various    phosjihorescent    sul)stances,   and   the 
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luminoua  effects  produced  are  examined  in  the  dark  at  different 
distances ;  that  is  to  say,  in  the  regions  covered  by  the  prismatic 
rays.  Thus,  it  is  [lossible  to  ascertain  wliich  of  the  rays  produce 
the  most  intense  luminous  effects.  It  is  found  tliat  the  uuixi- 
mum  of  action  dei>ends  on  the  iHidies  influenced ;  hut  in  every 
case,  the  chemical  rays  nearest  tlie  violet,  and  conseijiiently  tlie 
most  refrangible,  produce  |ihos[>horescence :  t)ie  heat-niys  do  not 
excite  it;  but  they  are  endowed  witli  the  protierty  uf  continuing 
tlie  action  of  the  chemical  rays.     These   resulls  exphiiu  the   feeble 


action  of  Ihe  flame  of  candles,  or  gas,  in  producing  the  phnsplio- 
rescence  of  bodies,  and,  on  the  other  hand,  the  efficiency  of  the 
electric  light :  this  latter  abounds  in  chemical  and  ultra-violet  rays, 
■whilst  tlie  former,  although  rich  in  heat-rays,  are  ^■ery  poor  in 
chemical  rays.  The  bright  light  of  mngnt'siiun  rivals,  us  Jf.  la 
Rorey  proves.  Hie  electric   light.       It   is  sutlicient  to  burn  a  wiiv 
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of  this  metal  in  presence  of  a  tube  enclosing,  for  example,  some 
'  sulphite  of  calcium,  to  obtain  prolonged  phosphorescence,  as  may 
be  shown  by  carrying  the  tube  into  tlarkness. 

M.  Edmoud  Becquerel  invented,  for  the  study  of  these  phenomena, 
an  instrument  which  he  calls  the  phmphoroscnpe.  Tlie  following  is 
a  sliort  description  of  it; — Two  blackened  discs  are  each  pierce<l 
with  four  openings  in  the  form  of  sectors,  and  can  be  caused  to 
revolve  on  a  common  axis ;  but  as  the  openings  of  one  do  not 
correspond  with  the  openings  of  the  oUier 
(as  may  be  seen  in  Fig.  243),  it  follows 
/^^^         ,JIK  *'"''  *  '^^  **'  *'^*  c«inot  pass  through 

:'    ^^  ^r^  the   system  of  the   two   diso^,   whatever 

may  be  the  rate  of  rotation.  They  are 
both  enclosed  in  a  blackened  Imx,  which 
remains  fixed,  and  in  the  sides  of  which 
are  two  openings.  The  solar  light  pas-tes 
throiigh  one  of  them,  falls  on  the  body, 
the  phosphorescence  of  which  is  to  be 
studied,  and  which  is  fixed  l>etween  the 
two  discs,  in  the  axis  of  the  outer  openings  of  the  Iwx ;  but,  as 
we   have   said,  it  cannot  pass  through  the  other  side. 

The  phosphorescent  light  induced  in  the  Ixnly  ])as.seR,  on  the 
contrary,  through  the  opposite  opening  every  time  the  rotatory 
movement  brings  one  of  the  moveable  windows  in  front  of  the 
outer  opening.  The  action  of  light  on  the  body  is  thus  produced 
four  times  during  each  revolution.  If  the  velocity  is  sufficient,  the 
developed  phosphorescence  is  continuous,  and  the  sensation  produced 
in   the  eye  of  the  observer  is  equally  so. 

The  phosplioroscope,  thus  constructed,  gives  to  the  body  observed 
a  constant  quantity  of  light,  whatever  the  rotatory  movement  may 
be ;  the  quantity  of  phosphorescent  light  whicli  reaches  the 
eye  is  also  constant ;  but  the  duration  of  the  constant  action 
of  the  light  on  the  body  varies  with  the  velocity,  as  it  is  equal 
to  the  time  that  an  opening  takes  to  pass  before  it:  this  duration 
is  easily  measured  when  one  knows  (he  dimensions  of  the  opening 
iind  the  nnmlier  of  turns  that  the  system  of  the  two  move- 
able discs  makes  in  one  second.  To  sum  up:  the  more  rapid  the 
rotation,  the  shorter  the  duration  of  the  light,  but  the  interruptions 
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in  this  action  are  shorter,  so  that  there  ought  to  be  a  certain 
velocity  for  which  the  maximum  brilliancy  is  obtained. 

By  the  aid  of  the  phosphoroscope,  M.  Beccjuerel,  besides  the 
result  we  have  already  described,  has  been  able  to  prove  the  existence 
in  some  bodies  of  luminous  emissions,  the  duration  of  which  does 
not  exceed  the  ten-thousandth  part  of  a  second.  Others,  like  the 
green  sulphide  of  strontium  and  calcium,  remain  phosphorescent 
for  thirty-six  hours.  Diamonds  shine  for  many  hours.  He  has 
been  able  to  study  the  law  according  to  which  the  phosphorescent 
bodies  lose  their  light  by  successive  emissions. 

The  light  emitted  by  various  vegetable  and  animal  phosphor- 
escents  has  been  submitted  to  spectrum  analysis;  and  it  is  found 
that  the  spectra  of  these  lights  are  continuous,  as  neither  dark 
nor  bright  lines  can  be  distinguished. 
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CIIAPTEK    XII. 

WHAT   18   LKUIT? 

Hypotheiiefl  concerning  the  nature  of  light. — Newton's,  emission  theory. — Huyghenfi\ 
undiilatory  theory  ;  vihratious  of  the  ether.— Propagation  of  luminous  waves  ; 
wave-lengths  of  the  different  rays  of  the  spectrum. 

TTITHERTO  we  have  described  luminous  phenomena  as  studied  by 
observation,  without  indicating  any  hypothesis  regarding  the 
particular  nature  of  the  agent  which  induces  the  perceptions  of  these 
phenomena  by  our  organs.  All  that  we  know  is,  that  the  various 
substances  in  Nature  can  be  ranked  in  two  classes:  in  the  first 
are  placed  light-sources,  or  l)odies  capable  of  producing  light 
directly  and  of  themselves ;  in  the  second,  bodies  which  transmit  in 
divers  ways  the  light  falling  on  them,  but  which,  in  their  actual 
state,  cannot  directly  emit  it. 

Among  light-sources,  there  are  some,  like  the  sun  and  most  of 
the  stars,  which  appear  to  be  constant, — at  least  their  emissive  power 
has  not  decreased  for  thousands  of  years :  probably  we  ought  to 
count  by  millions  of  centuries,  if  we  wish  to  measure  the  probable 
duration  of  this  power.  But  they  doubtless  do  not  difter  essentially 
from  temporary  luminous  sources  which  we  have  at  our  disposal  on 
the  surface  of  the  globe.  These  latter  owe  their  state  either  to  a  very 
high  temperature,  to  chemical  combinations  conducive  to  the  disen- 
gagement of  light,  such  as  a  furnace,  or  to  a  state  of  electric  tension 
producing  the  same  result — take  the  electric  light.  All  that  we  know 
of  the  physical  constitution  of  the  sun,  and  say,  a  white-hot  cannon- 
ball  or  any  mass  of  metal,  tends  to  prove  that  they  are  globes  in  a 
state  of  incandescence.  We  have  already  seen  that,  among  the 
substances  of  the  second  class,  there  are  many  which  can  momen- 
tarily acquire,  under  the  influence  of  temperature,  exposure  to  the 
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snu,  or  certain  chemical  or  mechanical  actions,  the  property  of 
emitting  light,  which  is  called  phosphorescence ;  and  that  without 
being  in  a  state  of  incandescence  or  vivid  combustion. 

We  know  also  that  light  is  not  transmitted  instantaneously,  but 
that  it  requires  a  definite  time  to  pass  from  one  point  to  another — in 
a  word,  that  it  has  a  particular  mode  of  movement.  We  have  now, 
therefore,  to  inquire  in  what  this  movement  consists ;  that  is,  whether 
light  is  a  substance  incessantly  emitted  by  luminous  bodies,  or  an 
impulse  produced  in  a  special  medium,  and  propagated  through  space. 
These  are  questions  of  such  great  interest,  that  they  necessarily  force 
themselves  upon  the  mind ;  their  examination  will  also  have  the 
advantage  of  furnishing  us  with  an  explanation  of  various  phenomena 
to  be  hereafter  descrited.  The  time  has  therefore  arrived  for  us  to 
indicate  the  nature  of  a  theory  now  generally  received  by  physicists, 
and  by  the  help  of  which  all  optical  phenomena  are  found  to  be 
consequences  of  a  single  principle.  At  the  same  time,  we  may  give 
ceitain  details  concerning  anotlier  hypothesis,  which  for  a  length 
of  time  had  the  privilege  to  share  with  the  first  a  common  appli- 
cability to  optical  j)henomena.  AVe  will  first  consider  the  older 
theory,  known  as  the  emission  theory. 

According  to  Newton,  who  Rret  reduced  this  theory  to  a  system, 
light  is  formed  of  material  molecules  of  extreme  tenuity,  which  are 
per{)etually  emitted  by  luminous  bodies,  and  which  the  latter  project 
through  space  with  a  uniform  velocity ;  the  impact  of  these  pro- 
jectiles on  the  n^tina  agitates  the  optic  nerves,  and  produces  in  us 
the  sensation  of  light.  Tliest*  ])articles  ai*e  endowed  with  attractive 
and  repulsive  forces,  which  are  manifested  in  the  neighbourhood  of 
the  molecules  of  bodies,  and  produce  the  attractive  forces  of  interior 
refmction  and  reflection,  and  the  repulsive  forces  of  exterior  reflection. 
There  are  as  many  kinds  of  particles  as  colours,  and  each  kind 
possesses  a  parti'/ular  refrangil  ility. 

Successive  particles  which  follow  the  same  right  line  form  a 
luminous  ray ;  but  tlu\v  niay  be  sepamted  l)y  great  intervals.  The 
luminous  impression  has  been  proved  to  remain  on  the  retina  about 
one-t^nth  of  a  second  ;  it  is  therefore  sufficient  that  ten  luminous 
particles  should  arrive  at  the  eye  in  a  second,  in  order  that  the 
impression  caused  by  one  of  them  is  not  effaced  before  the  arrival 
of  the  next ;  or,  which  is  the  same,  in  order  that  there  shall  be  a 
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continuous  sensation.  Supposing  them  situated  at  equal  distances, 
they  should  follow  each  other  at  a  distance  of  29,800  kilometres 
from  each  other.  Supposing  they  follow  each  other  at  the  rate  of 
a  hundred  a  second,  there  would  still  be  an  interval  between  them 
\  of  2,980  kilometres. 

We  understand,  therefore,  how,  according  to  this  hypothesis,  the 
luminous  mys  emanating  from  different  sources  can  intersect  each 
other  in  various  directions  without  obstruction.  But  we  must  suppose 
the  mass  of  each  of  them  is  of  such  small  weight,  that  our  imagi- 
nation can  scarcely  realize  the  idea.  Of  this  Sir  J.  Herschel  made 
the  following  comparison.  He  says  :  **  If  a  molecule  of  light  weighed 
one  grain  (0065  gramme),  its  effect  would  be  equal  to  that  of  a 
cannon-ball  of  150  lb.  (56  kilogrammes),  animated  by  a  velocity 
of  305  metres  per  second.  What,  then,  must  this  tenuity  be,  if  a 
thousand  million  of  molecules,  attracted  by  lenses  and  miiTors,  have 
never  been  able  to  communicate  the  least  movement  to  the  most 
delicate  instruments  invented  expressly  for  these  experiments ! " 
(Treatise  on  Light,  vol.  i.) 

We  have  just  stated  that,  to  explain  the  phenomena  of  reflection 
and  refraction  of  light,  Newton  imagined  that  each  molecule  is  either 
repelled  or  attracted  by  the  molecules  of  bodies.  The  intensity  of 
these  forces,  which  are  exerted  in  infinitely  small  spheres,  is  pro- 
digious ;  it  is  proved  that  they  exceed  the  intensity  of  gravity  at 
the  surface  of  the  earth  to  such  a  degree,  that  it  is  necessary,  in 
order  to  express  their  value  in  numbers,  to  multiply  this  latter 
intensity  by  the  figure  2,  followed  by  foiiy-four  zeros. 

In  the  theory  which  is  now  adopted, — the  undulatory  theory, — 
we  find  numbers  which  submit  somewhat  to  precedent ;  it  is  not 
difficult,  therefore,  to  conceive  that  it  has  been  preferred  to  the 
theory  of  emission. 

W^e  owe  the  first  exact  exposition  of  the  undulatory  theory  to 
Huyghens,  who  numbered  among  his  partisans,  in  the  last  centuries, 
Hooke  and  Euler;  and  among  those  who  have  developed  and  per- 
fected it  in  the  present  century.  Young  and  Fresnel.  We  will 
endeavour  to  explain  the  undulatory  theory  in  its  essential  elements. 

The  hypothesis  of  emission  requires  that  the  interplanetary 
celestial  spaces  be  void  of  matter,  in  order  to  give  free  passage  to 
the  motion  of  the  luminous  molecules,  or  rather  these  spaces  must 
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be  free  from  all  matter,  save  the  molecules  themselves.  On  the 
other  hand,  according  to  the  undulatory  hypothesis,  these  same 
spaces  are  filled  with  an  extremely  thin  and  eminently  elastic  fluid, 
which  is  called  the  ether.  This  medium  penetrates  all  bodies,  and 
is  diffused  throughout  all  their  inter-molecular  spaces. 

Liuninous  bodies  are  those  whose  molecules,  in  a  state  of 
continual  vibration,  communicate  impulses  to  the  ether,  which,  in 
its  turn,  propagates  the  same  vibratory  movement  from  place  to 
place  and  in  all  directions,  with  a  uniform  velocity  of  298,000 
kilometres  per  second.  The  velocity  of  propagation  of  the  lumi- 
nous waves  is  the  same  for  all  the  rays  of  light,  whatever  their 
intensity  or  colour.  It  is  uniform  and  constant  in  a  homo- 
geneous medium;  but  it  varies  in  passing  from  one  medium 
to  another;  and,  as  it  is  admitted  that  it  is  dependent  on  the 
connection  which  exists  between  the  elasticity  of  the  ether  and  its 
density,  it  must  be  inferi-ed  that  this  connection  itself  changes  in 
different  media ;  that  is  to  say,  the  distribution  of  the  molecules 
of  ether  is  not  the  same  in  interplanetary  media  as  in  heavy 
bodies;  and  in  these  it  varies  with  the  nature  of  the  substances 
and  their  density. 

Let  us  try  to  understand  the  nature  of  the  vibrations  of  the  ether. 

Each  molecule  of  a  luminous  source  executes  a  series  of  very 
rapid  vibrations ;  that  is  to  say,  of  backward  and  forward  move- 
ments across  a  position  of  equilibrium.  These  vibrations  are 
communicated  to  the  ether,  the  different  molecules  of  which  assume 
the  vibratory  movements  similar  to  those  of  the  light  source,  and 
communicate  them  spherically  from  place  to  i>lace.  During  the  time 
which  a  molecule  of  ether  requires  to  make  a  complete  oscillation 
round  its  position  of  equilibrium,  its  movement  is  communicated, 
in  the  direction  of  the  proi)agation  of  light,  to  a  stream  of  molecules, 
the  most  distant  of  which  is  at  a  fixed  distance  from  the  first:  it 
is  this  distance  which  is  called  the  wave-length,  and  the  luminous 
wave  is  nothing  more  than  the  series  of  movements  effected  during 
a  complete  oscillation  of  a  molecule  of  ether.  As  the  same  dis- 
turbance which  has  it«  origin  at  one  point  of  the  source  of  light 
is  thus  propagated  in  the  ether  which  fills  space,  with  unifoim 
velocity,  it  follows  that  all  points  of  the  surface  of  a  sphere, 
having  for  its  centre  the  luminous  point,  is  at  the  same  instant  in 
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tlif  saiiu*  i»hasi»  of  vibratory  mowimMit.     All  tlie  i>oiut8  of  auy  oE 
tlifsi'   siilnM-iral   siirfairs   aro  failed   tlie   surface  of  the  wave.  .  In 
rortain  im^lia.  tlir  snrfaiv  of  the  wave  can  be  ellipsoidal.      Lumi-; 
nous   uaves   have,  therefore,   «rivat   analogy  with  sonorous  traves ; 
like  th»tn.  ihev  aiv  Uoehron<»us.  and  thev  move  with  uniform  velorl 
eiiv      Thev  e  >n>i^i  in  alternating:  niovenients  of  an  elastic  mediom 
aei>>><  a  {vsi:ion  of  eiiuilibriuni ;  but,  whilst  the  vehicle  of  Bounds 
i^  a  MU'^iMe  medium,  as  the  air,  or  auy  other  gaseous  or  liquid  OT: 
solid  body,  the  vehicle  of  light  is  a  substance,  if  not  imponderaUOy: 
ai  lea-ii  intangible. 

riie  sonorous  wav(>  is  propagated  through  the  air,  travelling  in: 
a  right  line  :>:;o  i;  metres  per  second  ;  the  luminous  v^ye,  iu.  the. 
same  time,  travels  lxS(*),()00  miles,  and,  whilst  the  length  of  mi-; 
(bilation  vari<*s,  for  ])eree])tible  sounds,  between  five  niillimetrea  and: 
ten  metres,  the  maximum  length  of  an  undulation  of.  either,  dqet) 
not  attain  the  thousitndth  part  of  a  millimetre.  But  between  these. 
two  moiles  of  vibratory  movemejit  then*  exists,  as  Fresnel  has  ahoWQyi 
an  im])ortant  diil'erenee ;  for,  whilst  sonorous  vibrations  are  niad<)  ilit 
the  same  <Iirortion  as  their  pnipagation,  lumiuous  vibrations  take; 
jilace  in  a  direction  peri)endicidar  to  that  of  the  movement  of.pMh^ 
pagation,  that  is.  parallel  to  the  surface  of  the  waves.  It  is  :diffi^t 
to  imagine  the  vibrations  being  eilected  perpendieidarly  to.  the.ditec- 
ti^m  of  their  })ropagation.  A  comparis(»n  will  explain  this'lanjl  of: 
movement.  U  we  take  hold  of  tlie  end  of  a  veiy  long  cord,  pleoed' 
in  a  straight  line  along  the  ground,  and  give  it  a  shake' in  a  .vertical? 
direction,  thr^n*  follows  a  series  of  undulations  which  are  propagated; 
to  the  other  extr«Mnity,  all  of  whirh  are  elVect^^d  in  a  direction  peis 
pendicular  to  that  of  the  cord,  just  as  we  see  undulations.:  wUcb' 
succeed  each  other  on  the  surface  of  the  water  caused  by  the.  tbltiw. 
of  a  stone,  (ir  any  other  heavy  body,  on  the  liquid.  Tbei^B!  ie,. 
between  these*  two  i)]ii'nomena  and  the  movement  of  the  ether,: (MM. 
resemblance  more;  that  is,  that  the  propagation  of  the  waves ^takea! 
place  without  there  bi'ing  any  transj>oi-t  of  the  molecules :  which' 
undergo  the  vibration.  : 

We  shall  ])resently  undei-stand  how  the  wave-lengths  of  luminous 
vibrations  can  be  measured,  and  how  it  was  distiovered  that  these 
lengths  vary  in  passing  from  one  colour  to  another.  They  are,  as 
the  following  table  shows,  <'xcessively  small,  their  mean  value  scarcely. 
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ever  exceeding  the  half  of  a  thousandth  of  a  millimetre.  When 
these  wave-lengths  are  once  known,  an  easy  calculation  gives  the 
number  of  vibrations  which  the  ether  performs  in  a  second,  when  it 
gives  rise  to  the  different  colours  of  the  spectrum.  As  light  travels 
over  an  interval  of  298,000  kilometres  in  one  second,  it  is  sufficient 
to  divide  this  last  number  by  each  wave-length,  in  order  to  find 
how  many  of  these  vibrations  take  place  in  a  second. 

Here  are  the  results  for  the  seven  principal  colours  of  the  solar 
spectrum : — 

Rod,  mean  620        614,000,000,000,000 

Orange,  „  583        557,000,000,000,000 

Yellow,  „  551        548,000,000,000,000 

Green,  „  512        621,000,000,000,000 

Blu^  „  475        670,00O,O0O,O0O,(X)O 

Indigo,  „  449        709,000,000,000,000 

Violet,  „  423        752,000,000,000,000 

This  determination  of  wave-lengths,  combined  with  wide  dis- 
persion, enables  us,  by  reason  of  the  high  velocity  of  some  of  the 
motions  of  the  heavenly  bodies, — a  velocity  comparable  with  that 
of  light  itself, — and  the  existence  of  bright  and  dark  lines  in  the 
spectra,  to  determine  the  rapidity  of  the  various  movements. 

Let  us  endeavour  to  give  an  idea  how  this  result  is  arrived  at, 
begging  indulgence  for  a  gross  illustration  of  one  of  the  most 
supremely  delicate  of  nature's  operations. 

Imagine  a  barrack,  out  of  which  is  constantly  issuing  with 
measured  tread  and  military  precision  an  infinite  number  of  soldiers 
in  single  or  Indian  file ;  and  suppose  yourself  in  a  street  seeing 
these  soldiers  pass.  You  stand  still,  and  take  out  your  watch,  and 
find  that  so  many  pass  you  in  a  second  or  minute,  and  that  the 
number  of  soldiers,  as  well  as  the  interval  between  them,  is  always 
the  same. 

You  now  move  slowly  towards  the  barrack,  still  noting  what 
happens.     You  find   that   more   soldiers   pass   you   than   before  in 

*  These  numbers  are  deduced  from  the  new  determination  of  the  velocity  of 
light;  they  exceed  by  about  ife  those  jBfiven  in  treatises  on  physics  before  the 
result  of  M.  Foucault's  experiments  were  known. 
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the  same  time,  and,  reckoueil  In  time,  the  interval  between  each 
soldier  is  less. 

You  now  move  still  slowly  from  the  barrack,  ie.  with  the  soldiers. 
You  find  that  fewer  soldiers  now  pass  you,  and  that  the  interval 
between  each  is  longer. 

Now  suppose  yourself  at  rest,  and  suppose  the  barrack  to  have  a 
motion,  now  towards  you,  now  from  you. 

In  the  first  case  the  men  will  be  paid  out,  so  to  speak,  more 
rapidly.  Tlie  motion  of  the  barrack-gate  towards  you  will  plant  each 
soldier  nearer  the  preceding  one  than  he  would  have  been  if  the 
barrack  had  remained  at  rest.  The  soldiers  will  really  be  nearer 
together. 

In  the  second  case  it  is  obvious  that  the  interval  will  be  greater, 
and  the  soldiers  wiU  really  be  further  apart. 

So  that,  generally,  representing  the  interval  between  each  soldier 
by  an  elastic  oord,  if  the  barrack  and  the  eye  approach  each  other 
by  the  motion  of  either,  the  cord  will  contract;  in  the  case  of 
recession,  the  cord  will  stretcL 

Now  let  the  barrack  represent  the  hydrogen  in  Sinus  or  the 
sun,  perpetually  paying  out  waves  of  light,  and  let  the  elastic  cord 
represent  one  of  these  waves;  its  length  will  be  changed  if  the 
hydrogen  and  the  eye  approach  each  other  by  the  motion  of  either. 

Particular  wave-lengths  with  the  normal  velocity  of  light  are 
represented  to  us  by  different  colours. 

The  long  waves  are  red. 

The  short  waves  are  violet 

Now  let  us  take  the  case  of  the  hydrogen  in  the  sun  and  fix 
our  attention  on  the  green  wave,  the  refrangibility  of  which  is 
indicated  by  the  F  line  of  hydrogen.  If  any  change  of  wave-length 
is  observed  in  this  line,  and  not  in  the  adjacent  ones,  it  is  clear  that 
it  is  not  to  the  motion  of  the  earth  or  sun,  but  to  that  of  the 
hydrogen  itself  and  alone  that  the  change  must  be  ascribed. 

If  the  hydrogen  is  approaching  us,  tfie  waves  laill  he  crashed 
togctlicr ;  they  will  therefore  be  shortened,  and  the  light  wiU  incline 
towards  the  violet,  that  is,  towards  the  light  with  the  shortest  waves ; 
and  if  the  waves  are  shortened  only  by  the  nrffVuinnjth  of  a  milli- 
metre, we  can  detect  the  motion. 

If  the  hydrogen  is  receding  from  t)s,  the  waves  will  be  drawn 
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out;  they  will  therefore  be  longer,  and  the  green  ray  will  incline 
towards  the  red. 

In  Sirius  tliere  is  hydrogen,  and  by  this  means  Mr.  Hiiggins  has 
determined  the  velocity  of  that  star's  movement  in  the  heavens. 

Now,  in  the  case  of  the  sun,  bear  in  mind  that  there  are  two 
diffei^nt  circumstances  under  which  the  hydrogen  may  approach  or 
recede  from  the  eye. 

Take  a  globe  which  we  will  oonsider  to  represent  the  sun.  Fix 
your  attention  on  the  centre  of  this  globe :  it  is  evident  that  an 
uprush  or  a  downrush  is  necessary  to  cause  any  alteration  of  wave- 
length. A  cyclone  or  lateral  movement  of  any  kind  is  powerless ; 
there  will  be  no  motion  to  or  from  the  eye,  but  only  at  right 
angles  to  the  line  of  sight 

Next  fix  your  attention  on  the  edge  of  the  globe — the  limb,  in 
astronomical  language :  here  it  is  evident  that  an  upward  or  down- 
ward movement  is  as  powerless  to  alter  the  wave-length  as  a  lateral 
movement  was  in  the  other  c^ise,  but  that,  should  any  lateral  or 
cyclonic  movement  occur  here  of  sufficient  velocity,  it  might  be 
detected. 

So  that  we  have  the  centre  of  the  disc  for  studying  upward  and 
downward  movements,  and  the  limb  for  studying  lateral  or  cyclonic 
movements,  if  they  exist 

Now  the  hydrogen  lines  in  the  solar  spectrum  arc  observed  to 
change  their  places,  while  the  lines  near  them  remain  at  rest,  so  that 
they  may  be  looked  upon  as  so  many  milestones  telling  us  with  what 
rapidity  the  upnish  and  downrush  takes  place ;  for  the  twistings  in 
the  hydrogen  lines  are  nothing  more  or  less  than  alterations  of  wave- 

o 

length,  and  thanks  to  Angstrom's  map  we  can  map  out  distances 
along  the  spectrum  from  F  in  xinroW^ths  of  a  millimetre  from  the 
centre  of  that  line;  and  we  know  that  an  alteration  of  that  line 
TTF^rfTrths  of  a  millimetre  towards  the  violet,  means  a  velocity  of 
38  miles  a  second  towartls  the  eye,  i.e.  an  uprush  ;  and  that  a  similar 
alteration  towards  the  red  means  a  similar  velocity  fi*om  the  eye, 
i,e.  a  downrush. 

To  sum  up :  these  are  the  two  tlieories  proposed  for  the  explana- 
tion of  luminous  phenomena.  Both  explain  with  equal  facility  the 
reflection  and  refraction  of  light ;  but,  whilst  the  system  of  emission 
requires  that  the  velocity  of  propagation  be  greater  in  refractive 
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media,  the  undulatory  theory,  on  the  other  haud,  supposes  that  this 
velocity  is  less,  as  the  medium  is  endowed  with  more  considerable 
refractive  power.  To  decide  between  them,  it  is  therefore  only 
necessary  to  determine  the  velocity  of  light  in  diiferent  media,  to 
settle,  for  instance,  the  following  question : — Is  light  propagated 
through  air  more  or  less  rapidly  than  through  water? 

Now,  this  important  problem  has  received  a  definite  solution 
during  the  last  few  years.  M.  Foucault  and  M.  Fizeau,  each  in  his 
tum«  by  a  very  ingenious  process,  the  principle  of  which  was  first 
employed  by  Wheatstone  for  calculating  the  velocity  of  electricity,* 
has  succeeded  in  proving  that  light  is  propagated  with  less 
rapidity  through  water  than  through  air,  as  the  theory  of  undu- 
lation I'equires. 

Other  phenomena,  which  we  will  now  describe,  are  equally 
favourable  to  this  theory;  whilst,  on  the  emission  theory,  no 
satisfactory  explanation  can  be  found.  It  is  no  longer  doubtful 
that  preference  ought  to  be  given  to  the  theory  which  makes  light 
not  a  particular  substance  projected  through  space  by  luminous 
bodies,  but  a  vibratory  movement  propagated  through  a  medium 
which  fills  space ;  not  only  that  space  which  is  usually  called  the 
intei'planetary  space,  but  that  which  is  occupied  by  the  interstices 
of  the  molecules  of  ponderable  bodies. 

'  F.  Arago  conceived  the  idea  of   using  Wheatstone^s  revolring  mirror  to 
compare  the  velocities  of  light  through  different  media. 
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CHAPTER  XIII. 

INTEBFEBENCB    OP    LUMINOUS    WAVES.— PHENOMENA    OP    DIPFBACTION. 

GRATINGS. 

Dark  and  bright  fringe  due  to  very  small  apertures. — Grimaldi'a  experiment. — 
Interference  of  luminous  waves ;  experimental  demonstration  of  the  principle  of 
interference, — Phenomena  of  diffraction  produced  by  slits,  apertmes  of  different 
form  and  gratings. — Coloured  and  monochromatic  fringes. 

TN  1G65  Pire  Grimaldi  published  at  Bologna  a  curious  work  entiikd 
"  Physico-Mathesis  de  Lumine,"  in  which  he  described  for  the 
first  time  appearances  to  which  he  gave  the  name,  which  they  still 
bear,  of  dii&action  phenomena,  which  physicists  have  since  studied 
and  multiplied  until  they  form  an  important  branch  of  optics. 

Having  introduced  a  beam  of  light  into  a  dark  room  through  a 
very  small  aperture,  Grimaldi  noticed  that  the  shadows  of  narrow 
opaque  bodies  exposed  to  this  light  were  spread  out  much  more  than 
they  should  have  been.  Besides,  these  shadows  were  edged  with 
coloured  fringes,  parallel  to  themselves,  and  to  the  edges  of  the 
opaque  bodies.  The  phenomenon  disappears  if,  instead  of  a  narrow 
aperture,  the  pencil  of  light  passes  through  a  wide  hole. 

If  we  substitute  for  the  opaque  body  a  very  small  circular  hole, 
made  for  instance  in  a  metallic  plate,  and  receive  the  light  which 
has  passed  through  it  on  a  screen,  concentric  rings  with  coloured 
fringes  are  obtained,  some  situated  within  the  geometric  image  of 
the  aperture,  others  beyond ;  that  is  to  say,  witliin  the  limits  of  the 
shadow  of  the  plate.  Thus,  two  apertures  placed  near  together  give 
two  series  of  rings,  which  partly  overlap  each  other ;  and,  moreover, 
three  series  of  dark  rectilinear  fringes  or  bands  are  perceived,  which 
disappear  directly  one  of  the  holes  is  moved  (Fig.  244).  This  last 
experiment  caused  great  astonishment  in  the  philosophic  world,  as  it 
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upset  all  the  ideas  tlien  conceived  as  to  the  nature  of  this  luminous 
agent.  And,  indeed,  it  seemed  to  ehow,  that  liglU  added  to  light 
produces,  in  certain  cases,  darkness  ! 

Newton  studied  the  phenomena  of 
difTractioq  discovered  by  Grimaldi ;  and 
he  added  fresh  observations,  and  endea- 
voured to  explain  the  cause  of  diffraction 
l)y  a  deviation  when  the  edges  of  opaque 
bodies  are  subjected  to  the  rays  of  light 
Fraunhofer,  Young,  and  Fieanel  sue- 
ceeded  in  disooverii^  the  laws,  and  the 
last-named  connected  them  in  the  most 
happy  manner  with  the  undulatoty  theory. 
Before  continuing  the  description  of  the 
phenomena,  let  us  endeavour  to  form  some 
idea  of  what  Young  called  the  principle 
of  interference — a  principle  the  theory  of 
which  he  has  clearly  explained  on  the  undulatory  theory,  and 
which  Fresnel  afterwards  demonstrated  by  the  famous  experiment  of 
the  two  mirrors. 

Let  us  suppose  that  two  rays  of  light  follow  the  same  direction, 
AB  ;  that  they  have  the  same  intensity,  and  that  the  wave-lengths 
of  each  of  them  are  equal,  in  which  case  the  vibratory  movements  of 
the  ether  will  have  the  same  amplitude  for  the  same  phases.     If  the 


waves  of  the  first  my  coincide  with  those  of  the  second,  it  is  clear 
that  their  intensifies  will  l>ecomc  united;  the  quantity  of  light  will 
l>e  increiUM^il  by  tlu'ir  union.  But  if  on«  of  them  ts  behindhand 
precisely  half  the  length  of  a  wave,  the  moleciiles  of  ether  situated 
along  the  line  a  fi  will  be  driwn  fr.ini  one  side  by  forces  the  intensity 
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and  direction  of  which  will  be  represented  by  the  curve  n  a  a  .  .  .  . 
and  from  the  other  side  by  equal  and  contrary  forces  represented  by . 
the  curve  a  a  a'.  .  .  .  Every  molecule,  such  as  m,  will  then  remain 
at  rest  imder  the  action  of  these  opposed  forces  ;  the  vibratory  move- 
ment will  cease,  and  darkness  will  succeed  to  light.  It  is  then  said 
that  the  luminous  waves  or  rays  interfere. 

The  same  result  is  produced  if  the  retardation  is  f ,  |  .  .  .  and 
generally,  odd  numbers  of  half  imdulations.  If  it  be  an  even  num- 
ber of  half  undulations,  the  result  is  the  same  as  if  there  had  been 
coincidence.  Thus,  between  these  two  extreme  cases,  the  luminous 
intensity  is  sometimes  increased  and  sometimes  diminished,  but  in 
neither  case  is  there  an  absolute  destruction  of  light. 

Theoretically,  this  reasoning,  which  is  a  necessary  consequence 
of  the  undulatory  theory,  perfectly  accounts  for  Grimaldi*s  experi- 
ment, and  all  those  in  which  dark  and  bright  fringes  or  bands  appear. 
It  nevertheless  had  to  be  proved  by  observation,  a^id  this  Fresnel 
accomplished,  mainly  by  the  experiment  of  the  two  mirrors  we 
have  already  mentioned.  This  experiment  is  too  important  for  us 
to  neglect  here.  The  nature  and  limits  of  this  work  do  not  permit 
us  to  touch  upon  theoretical  explanations  of  many  phenomena, 
but  the  principle  in  this  instance  must  at  least  be  described  with 
sufiScient  clearness  to  enable  the  reader  to  accept  the  inferences 
with  confidence. 

Two  plane  mirrors,  ON,  cm  (Fig.  246),  of  metal  or  black  glass,  are 
placed  vertically  in  a  dark  room,  so  as  to  form  a  very  obtuse  angle. 
In  front  of  these  mirrors  a  beam  of  sunlight  is  brought  to  a  focus  at 
s  by  a  spherical  or  cylindrical  lens,  so  that  it  can  give  either  a  point 
or  a  luminous  line.  Two  images  are  thus  formed,  one  in  each  mirror ; 
that  in  8  for  the  mirror  ON,  the  other  in  s'  for  the  mirror  CM. 

We  have  thus  two  sources  of  light  which  present  this  peculiarity, 
that,  as  they  emanate  from  a  common  source,  they  are  in  the  same 
state  of  vibration.  If  we  now  place  a  vertical  screen  in  fi'oiit  of 
the  mirrors,  in  such  a  way  as  to  receive  the  luminous  l)eanis  from 
the  two  images,  a  bright  band  will  be  perceived  on  the  screen  in 
the  prolongation  of  the  line  oa,  and,  on  each  side  of  this  band,  a 
series  of  alternate  dark  and  bright  fringes.  If  one  of  the  mirrors 
is  taken  away,  the  fringes  instantly  disappear,  and  th(»  screen  is 
equally  illuminated. 
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It  13  thus  seen  that  the  phenomenoQ  is  the  same  as  In  Qrimaldi'a 
experiment  of  the  two  openings,  and  it  remains  for  ns  to  explain  how 
litfht  added  to  light  can  produce  darkness ;  or,  as  we  have  Bdeo,  that 
whenever  dark  fringes  occur,  it  is  dae  to  the  interference  of  luminous 
waves  emanating  from  two  sources,  and  that,  on  the  other  hand, 
we  have  the  same  phase  of  unduktion  whenever  bright  fringes  or 
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bands  are  se(^ii.  Figure  24G,  in  which  we  observe  concentric 
waves  emanating  from  s  and  s',  demonstrates  this.  These  two  sys- 
tems of  waves  cross  anil  cut  each  other  at  difffrent  points.  Now, 
sudi  of  these  points  wlitch,  like  a,  are  situated  on  the  perpendicular 
Au  and  ss',  an:  in  the  same  phase  of  undulation  in  both  systems, 
since  the  mys  sn,  a'a,  being  of  the  same  length,  the  same  paths 
si«   and   si'«   are   followwl    by   the   two   Intninoua   waves   emitted 
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from  the  source  s,  and  reflected  by  both  mirrors.  The  same  takes 
place  with  regard  to  the  points  a  a  a'  ,  ,  .  situated  in  the  vertical 
plane  passing  through  AO. 

The  luminous  intensities  are  therefore  united  in  this  plane ;  hence 
the  central  bright  fringes.  In  positions  such  as  n,  n\  the  difference 
of  path  of  the  waves  which  cross  each,  other  is  from  J,  f  .  .  . 
wave-lengths ;  in  other  words,  an  odd  number  of  half  undulations : 
hence  interference  ensues,  and  consequently  a  dark  band.  It  is  so 
also  for  the  points  mm\  .  .  .  Further  on,  the  points  bV  ,  .  ,  cc'  ,  .  , 
belong  to  rajrs  each  of  which  is  delayed  an  even  number  of  half 
wave-lengths  behind  the  other ;  hence  bright  fringes  .  .  .  and  so  on. 

In  order  to  try  this  admirable  experiment,  Fresnel  used  in  suc- 
cession lights  of  all  the  simple  colours ;  he  found  fringes  of  each 
of  these  tints,  but  they  became  narrower  as  he  got  farther  from 
the  red  in  the  series  of  prismatic  colours.  Violet  gave  the  nar- 
rowest bands.  By  measuring  with  great  precision  the  distances 
of  the  bands,  this  illustrious  physicist  succeeded  in  deducing 
the  wave-lengths  of  light  of  different  colours,  and  afterwards  the 
number  of  vibrations  executed  by  the  ether  in  the  short  interval  of  a 
second — the  wonderful  numbers  we  have  already  seen.  Fringes  pro- 
ceeding from  white  light  ought  therefore  to  be  formed  of  fringes 
coloured  by  each  of  the  spectral  tints  superposed  upon  each  other, 
so  that  the  violet  would  be  by  the  side  of  the  central  bright  band. 
Observation  proves  this.  Thus,  by  this  memorable  experiment 
the  truth  of  the  undulatory  theory  is  confinned  ;  mathematical 
analysis  has  also  drawn  from  it  a  crowd  of  inferences,  some 
already  known  by  observation,  others  outstripping  observation  and 
serving  as  a  guide  to  it.  The  names  of  Huyghens,  Young,  and 
Fresnel  will  i-emain  for  ever  attached  to  this  beautiful  theory,  as  is 
that  of  Newton  to  the  theoiy  of  universal  gravitation. 

Let  us  now  return  to  the  phenomena  of  diffraction,  all  ot 
which  relate  to  the  principle  of  interference  of  luminous  waves. 
They  are  so  numerous  that  we  can  only  choose  some  of  the  most 
remarkable. 

Newton,  while  repeating  and  varying  Grinialdi's  experiments  on 
the  enlarged  shadows  of  fine  bodies,  such  as  hair,  thread,  piHS,  and 
straws,  became  convinced  that  the  deviation  of  the  luminous  rays  was 
not  due,  as  was  at  first  believed,  to  a  refraction  in  a  thin  stratum  of 
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(lousier  air  surrounding  the  iNHlies.  He  saw  also  that  the  fonnation 
of  tVing«*s  did  not  de)Hnid  on  the  nature  of  the  substances  uaed. 
Whothor  niotals,  stonos.  j^hu^s,  wood,  or  ice,  &c.  were  used,  he 
always  rtvogui/.tnl  thrvo  fringes  succeeding  each  other  and  Btariii|g 
f^Mu  the  shadow.  The  interior  fringe  was  violet^  deep  blue,  light 
l>Iue,  griH^n.  yellow,  and  red;  the  exterior  one,  pale  blue,  pale. 
Yellow,  and  nnL  He  also  observeil  tliat  monochromatic  lights 
imHiui'e  fringes  of  unequal  width.  But  all  his  experiments  led 
hiui  to  the  con(;lusion,  that  the  rays  of  light  undei^  in  paaaii^ 
b\  the  edges  of  a  body,  inflections  which  are  stronger  the  neanr 
thev  «'nize  the  surface.     This  was  a  natural  hjrpothesis,  in  accard- 

ft       ^^ 

:uu*e  with  the  emissive  theory ;  but  we  shall  presently  nnderstand 
the  true  ex])lanation. 

The  very  numerous  experiments  which  have  been  since  performed 
in  connection  with  this  subject,  may  be  arranged  under  two  headi* 
Tlio  first  com])riscs  phenomena  of  diffraction  produced  by  rectilinew 
t>»lges;  for  instance,  by  one  or  by  several  very  narrow  slits,  in  the| 
form  of  pandlelograms,  or  by  a  very  fine  Sd'een,  a  metallic  thieedai 
or  a  Iiair  :  the  second  comprises  phenomena  obtained  when-  the 
diffraction  is  produced  by  means  of  one  or  more  extremely  snudl- 
aperturcs,  either  s<[uaTe,  triangular,  circular,  or  by  the  edge  4vf  m 
circular  screen  of  small  dimensions.  Plates  V.  and  VI.  represent 
systems  of  fringes  i)roduced  under  these  varied  circumstaiioes : 
some,  coloured,  proceed  from  white  light;  others,  monochromatioy 
from  light  of  a  single  colour, — for  instance,  red  light.  We  see^  in 
many  cases,  fringes  accompanied  by  a  multitude  of  small  speotm^ 
the  bright  colours  of  which  add  to  the  beauty  of  the  phenomenon. 

Sir  J.  Ilerschel  obser\'ed  curious  diffraction  effects  by  phunng 
in  front  of  the  object-glass  of  an  astronomical  telescope  diaphkagnw 
of  diffei'cnt  forms,  and  then  observing  single  and  double  stara.  With 
an  annular  o])ening,  he  saw  coloured  rings  surrounding  the  images 
of  luniinouH  points,  which  then  presented  discs  similar  to  those  of 
the  planots.  Triangular  (lia])hmgms  gave,  on  the  contrary,  stall 
with  six  rays ;  an  a])erture  formed  by  twelve  concentric  squares 
gjive  a  star  witli  four  i-jiys.  Lastly,  liy  jiiercing  in  a  regidar  manner 
equilateral  triangles  on  tbe  diapliragm,  he  obtained  a  series  of  cir- 
cular discs,  arran<^(Ml  tui  six  lines,  im  which  they  diverged,  starting 
from   a  central    colourless  and  very  bright  disc;   they  were,  more- 


liild-IVrcncL-  Phi^niimfria 
DIFFHACTION  ?RiiDl'f.B;i.' BY  i'MAl.l.  M'KKTURK.i: 


CHIP.  XIII.]    INTERFBRE!fC£  OF  LUMIX^OUS  WAVES.  363 

over,  each  smroimJed  by  a  ring  more  or  less  coloured,  and  spread 
into  spectra  as  they  extended  further  from  the  centre. 

These  phenomena  are  of  great  interest ;  the  magniliceat  colours 
which  are  presented  to  the  eye  form,  as  it  were,  bo  many  pictures, 
the  variety  of  which  equals  their  splendour.  But  to  the  eyes  of  the 
physicist  they  present  still  greater  interest,  inasmuch  as  they  are 
80  many  confirmations  of  the  beautiful  theory  of  the  undulations  of 
the  ether.  Mathematical  analysis  applied  to  the  different  phenomena 
of  diffraction  produces  results  which  agree,  in  a  marvellous  manner, 
with  those  of  observation.  We  have  already  said  that  they  some- 
times outstrip  it,  and  of  this  the  following  is  a  remarkable  example. 


The  geometer  Poisson,  having  submitted  to  calculation  the  problem 
which  has  for  its  object  the  determination  of  the  nature  of  the 
shadow  and  the  fringes  produced  by  an  extremely  small  opa^jue 
disc  exposed  to  the  light  which  diverges  from  a  luminous  point, 
foinid  that  the  centre  of  the  shadow  ought  to  bo  as  brilliant  as  if 
the  disc  did  not  exist:  this  light  was  an  effect  resulting  from  the 
diflTraction  of  luminous  waves  on  the  edge  of  the  screen.  Such  a 
nwult  was  so  opposite  to  preceding  obaeiTations,  that  Poisson  pie- 
aentol  it  as  a  serious  objetliim  to  the  undulatoiy  theory.  Itut  Amgo 
having  made  the  esjieriment  with  requisite  care,  by  using  a  vcr>-  small 
metal  disc  cemented  on  a  diaphanous  and  ])erfectly  homogeneous 
glass  jilate,  found  that  the  luminous  jiolnt  apinniretl  ns  eiiloiiliitiini 
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liail  iiiflicatiMl.     It  was  as  if  the  shadow  was  produced  by  a  screen 
pierced  at  the  c(>ntrc.      This  experiment  evidently  affoidB  one*  of* 
the  most  beautiful   triumplis  of  the  theory, — a  decuiye-  prooC  in 
favour  of  tlu*  undulatorv'  theory  of  lij^ht  and  of  the  existence  jof. 
the  ether.  :;  v  i  .>  ' 

Frauuhofcr,  whose  l)eautiful   experiments  on  the  lines  of  .liir 
spi'ctnini  we  have  already  descril)ed,  introduced  into  the  stodjoC  the'. 
phenomena  of  dinVaction,  the  excessive  precision  which  so  eminenl^ 
lir^Uai^niisIied  him.     After  having  observed  the  images  prodtioed  V^'Ar  , 
very  liii^it^id   number  of  small  openings,  he  conceived'  the  idea. of 
examining  tlie  efVcet  ]U'(Mluced  when  light  traverses  aigratingfofnodr  / 
of  a  multitude  (»f  vtay  tine  threads  either  parallel  or  crossed.     He 
fii-st  u.sed  a  gniting  of  brass  wire,  composed  of  numerous  Vsfgr  fine  1 
wires,  sti*etched  on  a  rectangular  frame  by  means  of  screws  snitaUj 
arranged.     Then,  to  obtain  a  greater  regularity  and  delicacj  in  tlis^ 
intervals  thn)U<;h  which  the  light  passed,  he  traced  parallel  and  eqi^l 
distant  lines  on  jilateij  of  glass  covered  with  gold  leaf;  then  emyafsi^i 
them  with  diamonds  on  the  glass   itself,  thus  forming  move  llfanii 
1,000   divisions   per  millimetre.     Each  of  the  striae  is  an  qpan^j 
screen,  and  the  interstices  left  by  the  striae  allowed  the  lig^'flli 
])ass  through.     However,  a  nmch  smaller  number  of  divisiona  mafaft^ 
the  grating  more  regular,  and  thirty-eight  lines  in  a  millimeixo  mi%\ 
sutticient  to  show  the  ])henomena.  •      , 

Ikisidt;  the  ]ninillel-line  grating,  Frauuhofer  studied  gwdaty  Wjfti 
S(|uare  nuishes,  formed  by  two  series  of  lines  crossing,  each  other  at 
ri^ht  angles;  also  those  of  circular  and  other  forms  of  mesh.  In 
this  manner  he  obtained  a  numl>er  of  figures,  in  which  the  fringes  and 
spectra  are  distributiMl  with  wonderful  symmetry ;  but  he  did  more^-fca 
studic^d  the  laws  of  tliis  distribution — laws  which  M.  Babinet'  his 
ju'oved  to  be  necessary  consequences  of  the  principles  of  interferenoeL 

Plate  VI.  shows  th(^  phenomena  resulting  from  the  passage  of 
light  through  a  grating  with  parallel  lines:  at  the  centre  is  a  hrigbfe 
line,  then  two  ri(^h  dark  intervals  f(»lh»wed  on  each  side  by  tWO 
s|M»<tra  -the  violet  k\\  whicli  is  nearest  the  centre,  and  so  pure  that 
the  dark  lines  jire  ejisily  distinguished.  Iii»yond  this  there  are  two 
fresh  dark  bands,  and  histly,  two  series  of  supiT]M»se<l  S]>ectra.  palek* 
and  more  and  unne  extemled.  A  grating  with  s«juare  meshes  gives 
the   iniair«'    represented    in    the   same   Hate   VI.  l»id(»w  the  pivce<lin«» 
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one :  beflides  tliu  bright  cmitnil  line  niiil  two  aeriea  of  »i)eeti-ii  mure 
exteiitleil  than  tiiosu  of  tlie  grating  with  piimllel  ineslies,  we  see  in  the 
four  riglit  uiigles  a  multitude  uf  small  sjiectra  nKliittiii<r  tnwun.lt)  the 
centre.  Newton  liad  a  (^liuiji^  of  tlie  jilienomena  of  difTraction 
through  small  a)M;rture3  and  gT.itiiigs,  as  tlm  following  passage  in  his 
"  Optics "  shows :  "  On  looking  at  the  sun  through  a  piece  of  black 
ribbon,  held  close  to  the  eyes,  we  perceive  several  rainbows ;  because 
the  shadows  which  the  tibres  or  threads  throw  on  the  retina  are 
edged  like  coloured  fringes."  Figure  I,  Plate  VI.,  represents  the 
effect  produced  by  the  diffraction  of  solar  light  through  the  grating 
formed  by  the  broad  part  of  a  bird's  feather.  Fringes  of  a  like  nature 
can  be  equally  observed  by  the  light  of  a  candle,  with  the  eyes  nearly 
closed ;  the  lashes,  on  joining,  then  form  meslies  of  irregular  form. 

It  is  by  the  interference  of  luminous  rays  that  physicists  ex- 
plain the  bright  colours  which 
are  noticed  on  certain  bodies 
whose  surfaces  are  covered  with  a 
multitude  of  very  fine  striie :  the 
feathers  of  several  birds,  and  the 
suriace  of  mother-of-pearl,  for 
instance,  are  formed  of  numerous 
strife  which  reflect  all  the  pris- 
matic colours.  Brewster,  having 
occasion  to  fix  mother-of-peari  to 
a  goniometer  with  a  cement  of 
resin  and  wax,  was  greatly  sur- 
prised to  see  the  surface  of  tlie  ^'lIraJ^n1^!^i^'™oVM"o(JodtaiIl^rr'''' 
wax   bright   with   the    prismatic 

colours  of  the  jiearl:  he  repeated  the  exjieriment  with  different 
substances, — realgar,  fusi>)le  metals,  lead,  tin,  isinglass, — and  in  each 
case  he  saw  the  same  colours  appear.  An  Englishman,  Mr.  John 
Barton,  applied  this  property  of  striates!  surfaces  to  the  arts;  he 
worked  veiy  fine  facets  on  steel  buttons  and  other  objects  which, 
in  the  light  of  the  sun,  gas,  or  candles,  exhibit  designs  brilliant 
with  all  the  colours  of  the  spectrum.  "  Tliese  colours,"  says  Brewster, 
"are  scarcely  surpassed  by  the  fire  of  the  diamond." 

The  following  is  another  phenomenon  wliich  seems  to  ]>eIong  to 
the  phenomena  of  interference,  as  it  is  explained  by  M.  Babinet  ■  and 
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the  description  of  which  we  take  from  the  account  given  by  the 
olwerver,  M.  A.  Necker: — 

"  To  enjoy  the  sight  of  this  phenomenon,"  he  says,  "  the  olisen'^er 
should  stand  at  the  foot  of  a  hill,  interposed  between  himself  and  the 
spot  where  the  sun  sets  and  rises.  He  is  then  completely  in  the 
shade ;  the  upper  edge  of  the  hill  or  mountain  is  covered  with  woods, 
trees,  or  detached  bushes,  which  appear  black  against  a  perfectly 
clear  and  bright  sky,  except  at  the  place  where  the  sun  is  on  the 
point  to  appear  or  disappear.  There  the  whole  of  the  trees  and 
bushes  which  crown  the  simimit— branches,  leaves,  trunks,  &c. — 
appear  with  a  bright  and  pure  white,  and  shine  with  a  dazzling  light 
although  projected  on  a  backgroimd,  which  is  itself  luminous  and 
bright  as  the  part  of  the  sky  near  the  sun  always  is.  The  smallest 
details  of  the  leaves  and  little  branches  are  preserved  in  all  their 
delicacy ;  and  it  might  be  said  that  the  trees  and  forests  are  made  of 
the  purest  silver,  with  all  the  art  of  the  most  skilled  workman.  Swal- 
lows and  other  birds,  which  fly  across  this  region,  appear  as  sparks 
of  dazzling  whiteness." 

To  those  who  know  how  to  observe.  Nature  has  a  magnificence 
which  the  skill  of  the  most  ingenious  experimenter  can  never  approach. 
That  which  makes  the  merit  of  the  inquirer  is  not  so  much  to  repro- 
duce her— to  multiply  the  phenomena,  the  pictures  of  which  she 
shows  us — as  by  dint  of  patience,  sagacity,  and  genius,  to  discover 
the  reasons  of  things,  and  the  laws  of  their  manifestations.  From 
this  point  of  view,  natural  philosophy  is  one  of  the  grandest  studies 
which  the  human  mind  can  pursue. 
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CHAPTER  XIV. 


COLOURS  OF  THIN  PLATES. 


The  soap-bubble. — Iridescent  ooloon  in  thin  plates. — Newton's  experiment  on 
coloured  rings ;  bright  and  dark  rings.— Laws  of  diameters  and  thicknesses.— 
Coloured  rings  are  phenomena  of  interference. — Analysis  of  the  oolours  of  the 
soap-bubble. 

rpHE  most  beautiful  and  brilliant  phenomena  are  not  always 
-^  those  which  require  the  most  costly  and  complicated  instru- 
ments to  produce  them.  Who  among  us,  in  his  childhood,  has  not 
amused  himself,  with  a  pipe  or  straw  and  soap  and  water,  in 
blowing  and  throwing  into  the  air  bubbles  of  the  most  perfect 
form  and  the  most  delicate  and  varied  colours  ? 

At  first,  when  the  sphere  of  the  bubble  is  of  small  diameter, 
the  pellicle  is  colourless  and  transparent  By  degrees,  the  air 
which  is  blown  into  the  interior,  pressing  equally  on  all  parts  of 
the  concave  surface,  increases  the  diameter  while  it  diminishes 
the  thickness  of  the  envelope;  it  is  then  that  we  see  the  appear- 
ance, at  first  feeble  and  then  brighter,  of  a  series  of  colours  arising 
one  after  the  other,  and  forming  by  their  mixture  a  multitude  of 
iridescent  tints,  until  the  bubble,  diminished  in  thickness,  can  no 
longer  offer  sufficient  resistance  to  the  pressure  of  the  gas  which 
it  encloses.  Black  spots  then  present  themselves  at  the  top,  and 
soon  the  bubble  bursts.  It  is  this  last  part  of  the  phenomenon 
which  is  represented  in  Plate  VII. ;  and,  at  the  upper  portion  of 
the  liquid  sphere,  the  black  spots  which  announce  its  disappearance 
may  be  observed. 

Tliis  simple  experiment  and  childish  recreation,  which  offers  so 
much  attraction  to  the  eye  of  the  lover  of  colours,  is  not  less 
beautiful  or  interesting    to   the    man  of  science.     Newton   made 
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it  the  object  of  liis  studies  and  meditations,  and,  since  the  time 
of  this  great  man,  the  colours  of  the  soap-bubble  hold  a  legitimate 
place  among  the  most  curious  of  optical  phenomena.  Moreover, 
this  is  one  particular  instance  of  a  whole  series  of  phenomena, 
observed  whenever  light  is  successively  reflected  and  refracted 
by  surfaces  which  bound  thin  plates  of  transparent  bodies.  Solids, 
liquids,  and  gases  are  equally  suitable  for  this  kind  of  experiment. 
Crystals  which  can  be  reduced  to  very  fine  lamince  by  cleavage,  like 
mica,  gypsum,  talc,  glass  blown  into  extremely  thin  bulbs,  the 
surface  of  annealed  steel  which  retains  a  thin  coating  of  oxide,  show 
iridescent  colours  similar  to  those  of  a  soap-bubble.  The  bright 
shades  which  ornament  the  membranous  wings  of  dragon-flies, 
those  seen  on  pieces  of  glass  after  exposure  to  damp,  and  on  the 
surface  of  oily  water,  belong  to  the  same  series  of  phenomena. 
They  are  studied  in  physics  under  the  common  denomination  of  the 
colours  of  thin  plates. 

Before  speaking  of  the  cause  of  this  decomposition  of  light  into 
its  constituent  colours,  we  will  endeavour  to  give  an  idea  of  the 
conditions  under  which  it  is  produced,  and  the  laws  which  govern 
the  succession  of  tints,  at  first  sight  so  changeable  and  mobile.  Let 
us  follow  Newton  in  his  celebrated  experiments. 

The  starting-point  of  this  great  physicist  was  the  following 
observation.  He  says,  in  his  "Optics,"  that  "having  pressed  two 
prisms  strongly  together,  so  that  their  sides  touched  each  other 
(which  were  perhaps  very  slightly  convex),  I  perceived  that  the 
place  where  they  were  in  contact  became  quite  transparent,  as  if 
there  had  been  here  only  a  single  piece  of  glass.  For,  when  the 
light  fell  on  the  air  comprised  between  the  two  prisms  so  obliquely 
that  it  was  totally  reflected,  it  appeared  that  at  the  place  of  contact 
it  was  entirely  transmitted.  Looking  at  this  point,  a  black  and 
obscure  spot  was  seen,  like  a  hole,  through  which  objects  placed 
beyond  it  would  distinctly  appear." 

Newton,  having  turned  the  prisms  round  their  common  axis,  saw 
the  gradual  appearance  aroimd  the  transparent  spot  of  a  series  of 
rings  alternately  bright  and  obscure,  and  coloured  with  different 
tints.  To  account  better  for  the  production  of  these  rings,  he  used 
two  glasses,  one  plano-convex,  the  other  convex  on  both  sides ; 
and  both  of  great  radius  of  curvature.      He  then  placed  one  over 
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the  otlier,  and  pressed  the  convex  side  gently  on  the  plane  side ; 
in  tliis  ]>osition  the  two  glasses  had  between  them,  nrouiid  the 
central  point  of  contact,  a  layer  of  air, — a  very  thin  meniscus,  the 


thickness  of  which,  at  the  centre  nil,  continued  to  increase  iuiim-T- 
ccptibly.     The  following  are  the  phenomena  which  he  obseiTed : — 
Receiving  the  reflected   light   in   a   direction   nearly  normal   to 


the  plane  sui-face  of  the  layer  of  air,  he  saw  around  the  centml 
point  of  contact  a  series  of  differently  coloured  concentric  rings. 
Incoming  narrower   as  they  were   further   from   the   contiu.      Each 
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colour  appeared,  at  first,  as  a  circle  of  uniform  tint,  which  circle 
expanded  as  the  pressure  on  the  upper  glass  was  increased,  until  a 
new  colour  issuing  from  the  centre  transformed  it  into  a  coloured 
ring.     Lastly,  at  the  centre  itself,  there  appeared  a  black  spot. 

The  following  is  the  order  and  colour  of  the  rings  represented 
in  Fig.  250.     The  colours  indicated  start  from  the  centre  o : — 

From  o  to  A,  black,  blue,  white,  yellow,  red  ; 

„  A  „  B,  violet,  blue,  green,  yellow,  red  ; 

„  B  „  c,  purple,  blue,  green,  yellow,  red  ; 

„  c  „  D,  green,  red  ; 

„  D  „  E,  greenish  blue,  red  ; 

„  E  „  F,  greenish  blue,  pale  red  ; 

„  F  „  o,  greenish  blue,  reddish  white. 

If,  instead  of  receiving  the  light  reflected  on  the  two  surfaces 
of  the  thin  plate,  we  look  at  ordinary  light  through  a  system  of  two 
similar  lenses,  a  series  of  coloured  rings  will  be  seen,  but  their 
colours  will  be  feebler  than  those  of  the  rings  seen  by  reflection. 
Moreover,  the  order  of  the  colours  is  entirely  diSerent,  and,  instead 
of  a  black  spot  at  the  centre,  a  white  spot  is  seen.  The  following 
is  the  series  of  the  various  tints  forming  the  coloured  rings  seen 
by  transmission: — 

White,  red-yellow,  black,  violet,  blue  ; 
White,  yellow-red,  violet,  blue  ; 
Green,  yellow-red,  green-blue,  red  ; 
Bluish  gi*een  ; 
Red,  bluish-green ; 
Red. 

If  we  compare  this  second  series  with  the  first,  we  see  that 
the  tints  which  occupy  the  same  order  in  the  two  systems  of 
rin<^'s  are  precisely  complementary,  so  that  the  transmitted  light 
and  the  reflected  light  at  any  one  point  of  the  layer  of  air 
produce  white  li.^lit  when  re-united.  This  consequence  of  the 
two  experiments  has  been  verified  by  Young  and  Arago,  who, 
having  placed  the  two  gla.sscs  in  such  a  manner  as  to  cause  both 
the  reflected  and  transmitted  lights  to  reach  the  eye  with  the 
same  intensity,  saw  the  rings  disappear. 

In  order  to  observe  the  rings,  Newton  used  the  various  simple 
colours  of  the  spectrum.     In  this  instance  he  perceived,  by  reflec- 
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tion,  rings  which  were  alternately  black  and  bright, — the  latter 
presenting  the  tint  of  the  simple  colour  used.  But  the  diameters 
of  the  rings  varied  in  size,  according  to  tlie  colour  of  the  light, 
and  they  widened  on  passing  from  the  violet  to  the  red. 
We  can  therefore  understand  how  it  is  that  the  rings  obtained 
with  white  light  are  iridescent.  The  different  coloui*s  of  which 
whit€  light  is  formed,  produce  each  its  series  of  rings ;  but  as 
the  dimensions  are  different,  the  superposition  is  not  exact;  the 
dark  rings  disappear  because  they  are  again  covered  by  other  shades 
of  light,  except  at  the  centre,  and  only  when  these  shades  are 
blended  together  in  a  proper  proportion  does  the  one  ring  of 
whit€  light  before  observed  appear.  In  introducing  water  between 
the  glasses,  the  rings  are  still  visible,  but  they  are  smaller  and 
narrower,  and  the  tints  are  fainter.  Lastly,  if,  instead  of  a  gaseous 
or  liquid  medium,  the  space  between  the  two  glasses  is  a  vacuum, 
coloured  rings  are  still  seen,  showing  no  perceptible  difference 
from  those  given  by  air. 

Newton,  with  his  accustomed  sagacity  and  ])recision,  could  not 
confine  himself  to  the  proving  of  these  facts  and  others  the  details 
of  which  we  cannot  enter  into ;  he  sought  out  the  law  of  the 
production  of  the  rings,  and  thus  he  succeeded  in  tracing  to  the  same 
principle  the  different  phenomena  described  at  the  commencement 
of  this  chapter, — the  iridescent  colours  of  soap-bubbles  and  thin 
plates  in  all  solid,  liquid,  and  gaseous  substances.  He  carefully 
measured  the  diameters  of  the  successive  rings  olitained  with  mono- 
chromatic light,  at  the  moment  when  the  black  spot  of  the  centre  indi- 
cated that  the  surfaces  were  in  contact.  From  it  he  deduced  the 
geometrical  ratios,  which  give  the  relation  of  the  diameters  to  the 
thicknesses  of  the  thin  plate,  and  these  thicknesses  themselves ;  and 
he  determined  the  following  laws  : — 

Hie  squares  of  the  diameters  of  tJw  hright  rings,  seen  hy  reflection^ 
art  related  in  the  ratio  of  the  odd  numhers,  1,  3,  5,  7,  9. 

The  squares  of  th^  diameters  of  the  dark  rings  are  as  the  even 
numherSf  2,  4,  6,  8. 

In  regard  to  the  rings  seen  by  transmission,  as  they  occupy 
precisely  inverse  positions,  each  obscure  ring  being  replaced  by  a 
bright  ring,  and  each  of  those  by  a  dark  ring,  their  diameters  evidently 
follow  the  same  laws,  and  the  series  of  numbers  is  inverted. 

B  B  2 
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80  much  for  the  rehative  dimensions  of  the  bright  and  dark. 
rings.  As  to  the  thicknesses  of  the  layer  of  air  interposed  between 
the  glasses,  they  continue  to  increase  from  the  centre  towards  the 
extremities;  but,  if  the  values  which  correspond  to  the  rings  of 
tlie  different  orders  are  sought  for,  we  find  that  these  values  are 
odd  numbers  for  luminous  rings,  and  even  numbers  for  black  or 
obscure  rings. 

These  laws,  although  so  simple,  are  general  Newtou  concluded 
that  the  plienomenon  of  coloured  rings  depends  on  the  variable 
thickness  of  the  thin  plate  interposed  between  the  two  surfaces, 
and  the  nature  of  the  substance  of  which  it  is  composed,  but  not  at 
all  on  that  of  the  glasses  between  which  it  is  interposed.  He  endea- 
voured to  connect  it  with  the  emission  theory  of  light,  supposing 
that  the  luminous  rays,  on  being  propagated,  undergo  periodical 
changes  which  sometimes  render  them  apt  to  be  reflected  and  some- 
times apt  to  be  transmitted  !  In  the  present  day,  as  the  undulatory 
theory  is  admitted,  the  coloured  rings  are  explained  in  a  more 
simple  manner  on  the  principle  of  interference.  A  ray  of  light 
which  penetrates  to  the  first  surface  of  the  plate  is  partly  reflected 
and  partly  transmitted  ;  transmitted  as  far  as  the  second  surface,  where 
it  Ls  again  reflected.  The  two  rays,  thus  reflected  on  each  surface, 
interfere,  as  we  have  alrea<ly  seen,  and  are  destroyed  or  augmented 
according  as  the  delay  of  the  second  equals  an  odd  number  of 
half-lengths  of  wave,  or  an  even  number  of  these  same  lengths. 
Hence,  darkness  in  the  first  case,  and  light  in  the  second,  or,  in 
other  words,  dark  rings  and  bright  rings. 

Analysis  applied  to  this  interesting  case  of  the  undulatory 
theory  also  proves  the  laws  of  the  diameters  and  thicknesses, 
which  Xewton  first  discovered  by  experiment.  As  the  lengths 
of  the  waves  vary  according  to  tlie  nature  of  the  simple  light, 
and  diminish  in  ])assing  from  red  to  violet,  we  see  that  the  rings 
of  this  latter  colour  must  become  narrower  than  the  red  rings. 
Xow,  in  what  way  is  this  theory  applicable  to  the  phenomenon 
of  the  soap-l)ul)ble  colours,  colours  so  variable  and  changing,  and 
which  are  continuallv  mixed  and  Mended  with  each  other  ? 

V 

9 

Newton  showed  the  identity  of  the  coloured  rings  obtained  by 
means  of  glasses,  and  those  which  aj)pear  on  bubbles.  To  study 
these,  he  took  the  precaution  of  protecting  the  blown  soap-bubble 
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irom  the  influence  of  the  external  nil-,  which,  causing  the  thickness 

to  vary  irrcgularly,   changes  the  cuhiurs   one   into   the  other,   and 

thus   prevents  them   from   lieing   exactly  observed.      He  says,  "As 

soon  as   I   hail   hlown  one,  I   nivered   it  witli    a   very  transparent 

l^lass ;  and  by  this  means 

its    diflerent   colours    aji- 

peared  in  regular order.Iiko 

so  many  concentric  rinjjs 

8urroiuidin>;  the  top  of  the 

bubble."    When  tlieso  pri>- 

cantions    fire    taken,    the 

colourwl   riugs   visible    at 

the  top  of  the  bubble  an' 

seen  slowly  spreading  out, 

in  proportion  as  the  flow 

of  the  water  towards  the 

bottom  of  the  li(inid  -sphere 

lenders  this  tliinner,  and, 

after  having  descended  tn 

the  base,  each  disa])pears  in 

its  turn.     Fig.  251  shows 

the    di.spnsition    of    these 

oJoured  Imnds. 

The  phenomenon  tliiis 
regulated  loses  its  beauty 
fi'Oin  an  artistic  point  ri|' 
view,  but  in  tlie  scientilie 
it   gains   in   interest.      In         n<.  =..i.  -i"ii.i.r»,.(ihLii|.i<iii...mii..>«.^.ii  .u,..-. 

Plate  VII.  the  zones  of  several  rings  can  1h'  scm,  in  spite  of  the 
irregularity  of  colour  and  their  mixture.  Ity  degrees,  the  bubble 
Ijecomes  so  thin  at  the  top  tliat  the  black  spot  makes  its  appearance, 
often  mixed  with  smaller  and  darker  spots;  and  Jilmost  immediately 
afttrwanis  the  bubble  bursts  and  disappears. 

According  to  Newton,  tlie  fuUowing  i.s  the  exact  order  in  which 
the  coloured  rings  succeed  c.ich  other  from  tin?  first  ctdoration  of 
the  bubble  until  its  disnjipi'Mriiiic" : -IJi'd,  blue;  red,  blue;  n'd, 
blue;  red,  green;  rod,  yellow,  giueii,  puri>le  ;  red,  yellow,  green, 
blue,  violet ;   red,  yellow,  wliite,  blue,  black. 
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Now,  if  we  compare  this  series  with  that  of  the  coloured  rings 
obtained  by  means  of  the   two  glass  surfiaces  in  the  first  experi- 
ment, it   will   be   noticed   that  they   are   arranged  exactly   in  the 
opposite  order,  and  this  is  as  it  should  be,  if  the  same  cause  pro- 
duces both   these   effects.     At   the   commencement,  the   bubble   is 
too  thick  for  the  appearance  of  colours ;  it  is  colourless.     Then  its 
tliickness   diminishes   mure    and   more,  so   that  at  last    the   black 
corresponding  to  the  least  thickness  appears  exactly  like  the  black 
spot  of  the  first  ring,  which  is  found  at  the  point  where  the  two 
glass   surfaces   are   in   contact.      This    refers   to    colours    seen    by 
reflection.     Tlie  bubble,  once  formed,  ought  to  be  observed  in  such 
a  manner  that  it  can  reflect  towards  the  eye  the  light  of  a  whitish 
sky;   and,  in  order  to  better  distinguish  the  rings  and   colours,  a 
black   ground    should  be   placed   beliind   it.      But  the  soap-bubble 
may   also    be   observed    by    looking  at   ordinary  light   through  it. 
Coloured   rings   are   again    formed ;    but    they   are   of    small    bril- 
liancy,  and   their   successive    colours   are   complementary  to  those 
given  by  reflected  light.     It  is  easy  to  assure  oneself  of  this  fact. 
If  we  examine  the  bubble  by  the  light  of   clouds  reflected   to  the 
eye,  the  colour  of  its  circumference  is  red ;   at  the  same  instant, 
another   observer,  looking  at   the  clouds   through   the  bubble,  will 
find   that   its   circumference   is  blue.      On  the   other  hand,  if   the 
contour  of   the   bubble   is   blue   by  reflected   light,  it  appears   red 
by  transmitted  light. 

Now  it  is  easy  to  understand  why  the  soap-bubble,  observed  in 
the  open  air,  presents  in  the  iridescent  colours  of  its  surface  that 
irregularity,  that  mobility,  that  perpetual  mixture  of  tints  which 
causes  it  to  be  one  of  the  most  beautiful  phenomena  due  to  the 
decomposition  of  light  by  interference.  The  agitation  of  the  air 
around  the  bubble,  added  to  the  want  of  homogeneity  in  the  soapy 
water  in  diflferent  parts,  and  to  the  evaporation  which  takes  place 
in  a  very  unequal  manner,  produces  numerous  currents  in  the 
liquid  pellicle,  which,  opposing  the  action  of  gravity  in  every 
direction,  prevents  the  water  from  descending  by  r^ular  zones 
towards  the  base  of  the  bubble.  Its  thickness  thus  varies  from 
one  point  to  another,  and,  as  it  is  on  this  thickness  that  the 
production  of  the  different  tints  depends,  these  are  distributed  in 
the   most   varied    manner.     On   the   other   hand,  in  a  closed  fliask 
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the  air  being  saturated  with  vapour,  evaporation  and  the  agitation 
due  to  the  external  air  no  longer  exist,  and  the  rings  appear  with 
the  regularity  indicated  by  calculation. 

We  have  forgotten  to  mention  that  the  laws  discovered  by  Newton 
regarding  rings  furnish  a  means  of  calculating  the  thickness  of 
the  liquid  film  of  any  given  colour.  At  the  point  where  the  black 
spots  are  situated  this  thickness  is  the  least ;  and  it  is  then  about 
the  ten-thousandth  part  of  a  millimetre.  Hence  it  follows  that,  if 
one  could  produce  a  soap-bubble  uniformly  of  this  thickness,  it 
would  be  completely  invisible. 
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CHAPTER   XV. 


DOUBI,E   REFRACTION   OF    LIGHT. 


Discovery  of  double  refraction  by  Bartholin. — Double  images  in  crystals  of 
Iceland  sfMir. — Ordinary  and  extraordinary  rays ;  principal  section  and  optic 
axis. -Positive  and  negative  crystals. — Bi-refractive  crystals  with  two  axes, 
or  biaxial  crystals. 

TjlKASMUS  BARTHOLIN,  a  learned  Danish  doctor,  who  lived  at 
-*^  Copenhagen  towards  the  middle  of  the  seventeenth  century,  in 
examining  some  crystals  which  one  of  his  friends  had  brought 
him  from  Iceland,  was  surprised  to  observe  that  objects  appeared 
double  when  seen  through  them.  He  noticed  this  singular  phenome- 
non in  16G9,  and  described  the  circumstances  of  the  case  in  a  special 
memoir.  Twenty  years  later,  Hnyghens  undertook  the  study  of  what 
has  since  been  called  doxMe  refraction;  he  determined  the  laws,  and 
propounded  a  theory  in  accordance  with  the  principles  of  the  undu- 
latory  theory,  of  which  he  had  laid  the  foundations. 

Since  Bartholin's  discovery  and  Huyghens*  observations,  these  phe- 
nomena have  been  studied  in  all  their  phases,  and  the  whole  now  con- 
stitutes an  entire  branch  of  optics.     Before  describing  the  principles 
of  these  phenomena,  we  will  call  to  mind  that  which  happens  when 
a  beam  of  light  falls  on  the  surface  of  a  transparent  medium  like 
water  or  glass.     On  reaching  the  surface,  part  of  the  luminous  beam 
is  reflected  regularly,  in  such  a  manner  as  to  give  an  image  of  the 
object  whence  it  emanates ;   another  portion  is  reflected  irregularly 
in  all  directions.    For  this  reason  the  light  returns  on  its  path,  or, 
if  we  like,  changes  its  path  by  changing  its  medium.     The  other  jx)r- 
tion  of  the  ray  of  light  penetrates  into  the  transparent  sul)stance, 
when  it  is  propagated  without  altering  its  direction,  if  the  incidence 
is  normal ;  whereas  it  is  refracted,  if  the  ray  falls  oblicjuely  on  the 
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Biirface.  lint  iii  notli  ciwes  the  ray  remains  simple  ;  it  is  still  simple, 
when  it  emerges  fniiii  a  traas]mreiit  iiieiUum,  so  that  tlie  eye  which 
receives  it  only  sees  a  sinf^le  image  of  the  luminous  source.  This, 
however,  is  hy  no  means  always  the  case ;  certain  suhstauces  act  upon 
ji  ray  of  Iii;ht  in  its*  passage  through  them  and  split  it  up  into  two 
whence  tw(i  inia^'fH  of  the  ohject,  instead  of  one,  arc  seen,  as  Bartholin 
first  proved. 

In  loiles  and  metaniorjthtc  limestones  and  days,  a  mineral  is  found 
whieh  eryshdlizes  in  the  form  of  a  solitl  rliomhohedron  with  six  paral- 
lel sides,  which  is  very  transparent  and  colourless  ;  its  elieniical  com- 
position shows  it  to  lie  a  carhonate  of  lime  with  traces  of  protoxide 
of  niangane.ie.  The  most  Iwautiful  sjiecimens  come  from  Iceland,  and 
attain  a  thickness  of  several  inches  ;  the  niinend  is  known  under  the 
name  of  Ii-elimd  xpnr 


Crystals  of  this  kind  are  sjilit  with  the  jo^atest  ease  in  certain 
directions,  so  that  iin  exact  geometrical  form  can  l)e  given  them, 
which  is  more  convenient  for  the  study  of  their  optical  properties. 
The  rhom!)ohedron  is  then  hounded  liy  six  lozenges  equal  among 
themselves. 

Each  of  these  lozenges  has  two  ohtnsc  angles,  measuring  101°  .'io', 
and  two  acute  angles  of  78°  5'.  Of  the  eight  solid  angles  which  form 
the  summits  of  the  crj-stal,  six  are  formed  of  an  obtuse  angle  and 
two  acute  angles ;  the  two  others,  of  three  obtuse  angles. 

Let  us  imagine  that  these  two  hitter  are  joined  liy  a  straight  line : 
this  diagonal  of  the  i hombohedron  is  of  great  importance  in  reference 
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to  the  plienomeno  of  which  we  are  about  to  speak ;  this  is  called — 
we  shnll  preseDtly  see  why — the  opitc  axis  of  the  cryatal. 

Wo  will  now  describe  the  plieuomena  of  double  refraction,  which 
can  1h'  «»sil>'  observed  by  means  of  a  specimen  of  Iceland  spar. 

U't  us  twke  a  piece  of  this  crj-atal ;  place  it  on  a  line  of  writing, 
aiitl  Unik  tliMu<;Ii  it:  we  witness  the  phenomenon  which  struck 
Itartholiu.  Eiuh  letk-r  is  doubled.  Let  us,  also,  notice  that  each 
M'jiaiute  iniii;^  is  not  so  black  as  the  letter  itself:  it  has  a  greyish 
tint,  and  that  this  has  nothing  to  do  with  the  absorption  of  light  by 
the  cr)'stnl  ih  tniduiit,  because  the  tint  is  black  where  the  two  images 
are  siipprimswl.  Tlie  edges  of  the  crystal  itself  seen  by  refraction 
appear  double ;  and  a  straight  line  traced  on  paper  is  changed  into 
two  parallel  lines.  If  we  allow  a  beam  of  solar  light  to  fall  on  one  of 
its  sides,  the  luminous  ray  issues  as  a  double  ray  and  forms  two  sepa- 
rate images  on  a  screen,  the  distance  between  them  depending  on  the 
inclination  of  the  incident  ray  to  the  aide  of  the  crystal.     We  will 


now  go  farther  into  the  analyslR  of  the  phenomenon  ;  and  to  simplify 
the  experiment,  let  us  examine  one  jmrt  at  a  time-.  Seen  tbrougli  the 
crystal,  ihe  images  apiieiir  double;  Imt  if  we  turn  the  crystal  on 
itflelf,  ]}anillel  to  the  faces  of  incidence  and  eniergeuce.  we  olaerve 
that  one  of  the  imag<''s  tnins  round  the  other,  and  when  an  entire 
revolution  lias  l>een  descril>ed  by  the  crystal,  one  image  returns  to 
its  first  positifin.  after  having  described  a  circle  round  the  other 
immoveable  one.  When,  instead  of  observing  one  point,  the  same 
experiment  is  made  on  a  straight  line,  it  will  be  noticed  that  in 
two  different  positions  of  the  crystal  one  of  the  lines,  which  appears 
to  bo  moved  jiaralkl  to  the  other,  attains  a  maximum  digression; 
in  tM'o  other  [wsitions,  the  two  images  .seem  to  coincide.  But  this 
coincidence  is  only  apparent:    for  if  a  point  on  the  obaened  line 
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is  marked,  we  see  the  double  image  of  this  point,  where  the 
images  of  the  lines  are  superposed.  Then  the  rotation  of  one  of 
the  images  round  the  other  takes  place  in  this  case,  as  in  the 
preceding  one.  Let  us  now  see  why  the  name  of  ordinary  image 
is  given  to  the  immoveable  image,  and  that  of  extraordinary  image 
to  that  which  rotates  round  the  first.  The  reason  is,  that  the  refracted 
ray  which  produces  the  immoveable  image  follows  during  its  path  the 
laws  of  simple  refraction,  such  as  were  enunciated  by  Snellius  and 
Descartes,  whilst  the  other  ray  does  not  obey  the  same  laws.  ^  This 
characteristic  difference  between  the  two  images  can  be  exhibited  in 
many  ways.  If  we  cause  a  ray  of  light  to  fall  perpendicularly  on 
one  of  the  faces  of  the  crystal,  it  will  be  bifurcated  in  penetrating 
into  the  interior ;  but  one  of  the  rays  will  follow  the  direction  of 
the  incident  ray,  and  will  not  be  refracted  on  it«  emergence :  this  is 
the  ordinary  ray,  which  obeys  Descartes'  law.  The  other  ray  will 
be  deviated  from  the  direction  of  the  incident  ray,  both  on  its 
entrance  into  and  emergence  from  the  crystal ;  this  is  the  ray 
which  produces  the  extraordinary  image. 

When  the  incidence  is  oblique,  the  two  rays  are  refracted ;  but  the 
ordinary  ray  is  equally  deviated  whatever  the  position  of  the  crystal 
may  be,  provided  that  the  sides  of  incidence  and  emergence  remain 
parallel  to  their  first  position ;  in  a  word,  its  path  is  that  which  it 
would  preserve  through  a  piece  of  glass  with  parallel  sides.  It  is  not 
80  with  the  other  ray,  which  gives  rise  to  the  extraordinary  image, 
since  this  image,  as  we  have  already  shown,  turns  round  the  first,  if 
the  crystal  be  caused  to  revolve  parallel  to  itself. 

In  this  movement  of  the  extraordinar}-  image  there  is  a  circumstance 
which  must  be  noted.  If  the  crystal  be  placed  on  a  sheet  of  paper  on 
which  a  point  is  marked,  and  the  eye  >)e  in  the  plane  of  incidence,  the 
ordinary  refracted  ray  will  be  also  in  this  plane,  as  the  law  of  simple 
refraction  shows,  and  the  ordinary  image  o  of  the  point  will  be  on  the 
line  II  of  the  plane  of  incidence  with  the  pajjer  (Fig.  254).  But  it  will 
not  l>e  the  same  with  the  extraordinary  image  E,  and  the  lines  which 
join  the  two  images  OE  will  make  an  angle  with  the  line  of  which  we 
have  spoken.   Now,  we  observe  that  this  line  OE  always  remains  paral- 

*  In  a  word,  on  the  one  hand,  the  extraordinary  refracted  my  is  not  generally  in 
the  plane  of  incidence  ;  and,  on  the  other,  the  relations  of  the  sines  of  the  angles  of 
incidence  and  refraction  do  not  remain  constAnt. 
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lei,  Juriiif?  the  rotation  iiiovcment,  to  the  bisector  ad  of  the  obtuse 
an^lc  of  the  aide  ]>anillL>l  to  the  plane  of  the  paper.  Also  when, 
owing  to  tliJH  nioveinent,  this  bisector  is  placed  piiralleL  to  It,  tlie 
extraordinary  iniajp;  is  itself  on  this  line,  and  the  two  refracted  nm 
are  Ixitli  in  the  plane  of  incidence. 


Theic  is  then,  iiincin};  the  sections  which  cut  the  crystal  i»erpeii- 
diculaily  to  one  of  its  sides,  a  section  of  snch  a  nature  that  if  tlie 
incident  ray  were  found  contained  tliere,  the  extraordinary  ray  would 
olicy  the  fir«t  law  of  simple  refraction  exactly  like  the  other  rnv. 
This  jilane  is  c^lleil  the  principal  srrtion.     I-jicli  plane,  peri>endiciilar 


til  one  of  the  faces  of  Iceland  s)>ar,  and  parallel  to  the  small  dinfioniil 
of  tlie  lozenge?,  or  to  tlio  bisector  of  the  obtuse  angle,  is  one  priiicipul 
section  of  this  face. 

I'/icli  principal  section  is  parallel  lo  the  optic  axis,  and  this 
condition  snfliocs ;  so  that  if  an  artificial  face  were  cut  in  tlie 
cn-stal.  any  plane  jicrpendicnlar  to  this   face   and   [larallcl    to    the 
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optic  axis,  would  also  be  a  principal  section  of  the  artificial  face. 
Lastly,  if  we  nmke  an  artificial  face^BC  perpendicular  to  the  optic 
axis  SI,  every  ray  wliich  falls  on  this  face  will  necessaiily  be  in 
a  principal  section,  and  tlie  two  refracted  rays  will  always  be  in  the 
plane  of  incidence.  In  this  case 
observation  proves  that  if  the  inci- 
dent itiy  is  normal  to  the  artiticiul 
face,  tile  refracted  ray  alone  remains. 
Tliis  is  therefore  a  direction  in 
which  tlie  phenomenon  of  bifurcation 
vanishes;  double  refraction  no  longer 
takes  place,  when  tlie  incident  ray  is 
parallel  to  tlie  optic  axis. 

ilonge  made  a  remarkable   ex- 

.  .  to  the  optic  uIl 

penment,     very     easy     to     rej)eat, 

which  shows  us  the  path  followed  by  the  rays  emanating  from  a 
Inminous  point  tlirough  the  crystal  in  giving  rise  to  the  two  imf^s, 
ordinary  and  extraordinary,  of  tlie  point.     If  we  examine  the  double 


Pia.  567,— Cttming  uf  tlie  mji 


imi^e  of  a  jwint  r  (Fig.  257),  situated  at  some  distance  from  the 
lower  face,  and  place  underneath  this  face  an  oimque  can),  «&,  we 
sliall  notice  with  surprise  that  tlie  most  distant  image  of  the  card 
first   disappears ;   and   this   is   explained   as   follows.      A  luminous 
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incident  pencil,  Si,  is  bifurcated,  and  gives  two  refracted  rays ;  whence 
on  issuing  from  the  parallel  face,  two  emergent  rays  arise ;  they 
diverge,  and  one  of  them  can  then  only  penetrate  the  eye :  let  us 
suppose  this  the  one  which  produces  the  ordinary  image  o.  An  inci- 
dent pencil,  near  the  first,  will  also  give  two  emergent  rays,  one  of 
which  will  penetrate  to  the  eye  and  will  produce  the  extraordinary 
image  E.  As  the  faces  of  the  crystal  are  parallel,  each  emerging  ray 
is  composed  of  rays  parallel  to  those  of  the  incident  ray.  As  those 
which  produce  the  image  are  concentrated  in  the  eye,  it  is  necessary 
that  the  corresponding  refracted  rays  cross  each  other  in  the  crj^staL 

Mongers  experiment  is  explained  thus;  the  card  ab  first  inter- 
cepts the  pencil  which  produces  the  most  distant  image,  and  it  is 
this — the  extmordinary  image  E — which  must  naturally  disappear 
first. 

Such  are  the  most  remarkable  circumstances  which  constitute 
the  phenomenon  of  double  refraction.  The  laws  which  govern  this 
phenomenon  are  too  complex  to  allow  us  to  explain  them  in  an 
elementary  work  like  this.  But  we  will  endeavour  to  give,  in  a 
few  lines,  some  idea  of  the  difference  which  exists  between  simple 
and  double  refraction. 

We  have  already  said  that  the  ordinary  ray  follows  the  two  laws  of 
Descartes ;  in  other  words,  that  the  refracted  ray  is  always  in  the 
plane  of  incidence,  and  that  if  the  angle  of  incidence  is  changed, 
the  relation  which  exists  between  its  sines  and  those  of  the  refracting 
angle  is  always  constant.  The  extraordinary  ray  only  follows  the 
first  of  these  laws,  if  the  incident  ray  is  in  a  principal  plane.  But 
it  does  not  follow  the  second,  so  that  the  relation  of  the  sines,  which 
is  called  the  index  of  refraction,  varies  according  to  the  angle  that 
the  incident  ray  makes  with  the  optical  axis  of  the  crystal.  Is  this 
angle  nil,  or  is  the  incident  ray  parallel  to  the  optical  axis  ?  In  this 
case  only,  double  refraction  disappears ;  one  of  the  images  is  blended 
with  the  other :  there  is  equality  between  the  ordinary  and  extraor- 
dinary indices  of  refraction. 

As  the  angle  increases,  so  does  the  inequality  of  these  indices,  and 
it  is  at  a  maximum  if  the  incident  ray  is  perpendicular  to  the  optic 
axis.  For  Iceland  spar,  the  only  crystal  endowed  with  the  power 
of  double  refraction  that  we  have  hitherto  examined,  the  index  of 
refraction  of  the   ordinary^   ray  is  greater  than    that  of  the   extra- 
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ordioary  ray.  The  contrary  takes  place,  if  certain  other  bi-refractive 
substances  are  employed,  such  as  rock-crystal.  In  order  to  explain 
the  cause  of  this  difference  we  should  be  obliged  to  expound  the  entire 
theory  of  simple  nnd  double  refraction,  according  to  the  undnlatoiy 
theory,  to  show  that  refraction  is  caused  by  the  difference  of  velocity 
which  the  ether  waves  undeigo  in  paaeing  from  one  medium  into  a 
more  refractive  one;  that  the  ordinary  ray  acts  as  if  it  were  in  a 
homogeneous,  non-crystallized  medium,  whilst  the  extraordinary  ray 
is  propagated  with  more  or  less  facility,  according  as  it  is  moved  in 
such  or  such  direction  relatively  to  the 
position  of  the  crj'stalline  molecules. 

In  Iceland  spar,  the  velocity  of  the 
extraordinary  ray  is  the  greatest  j  and 
the  reverse  is  the  case  in  rock-crystal. 
Hence  the  names  of  positive  and  negative 
crystals  have  been  given  to  substances 
which  possess  double  refraction  according 
as  they  are  included  in  one  or  the  other 
category,  the  type  being  for  the  first,  rock- 
crystal,  and  fur  the  second,  Iceland  spar. 
Tounnaline,  rubies,  emeralds  are  nega- 
tive crystals ;  quartz — the  mineralogical 
name  of  rock -crystal— sulphate  of  potas- 
sium and  of  iron,  hyjiosulphate  of  lime, 
and  ice  are  numbered  with  the  positive 

crystals.  Double  refraction  is  also  produced  in  a  certain  class  of 
crystalline  substances  known  under  the  name  of  crystals  with  two 
axes,  or  biaxial  crystals.  Topaz,  anagonite,  sulphate  of  lime,  talc, 
feldspar,  pearl,  and  sugar  are  crystals  with  two  axes :  in  each  crystal  of 
this  kind  there  are  two  different  directions  in  which  the  incident  ray 
passes  without  being  hifiircated  ;  these  two  directions  are  the  optic 
oj-cs  of  the  cryst-al.  But  there  is  an  essential  difference  between  the 
phenomena  of  double  refraction  in  crystals  with  one  axis,  or  uniaxial, 
crystals,  and  those  of  crystals  with  two  axes,  or  biaxial  crystals. 
In  the  first,  one  of  the  two  tefracled  rays  follows  the  laws  of 
simple  refraction ;  in  the  others,  the  two  mys  are  both  extraordinary : 
neither  of  them  follows  Descartes'  law.  Freanel's  experiment  proves 
the  fact  very  simply.      A  topaz   is  divided  into  several  piecw  cut 
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in  different  directions,  and  these  pieces  are  fastened  together  by 
tlieir  plane  surfaces  so  that  the  form  of  a  parallelopiped  is  given  to 
the  whole.  Then  on  looking  at  a  straight  line,  two  images  of  the 
line  are  seen,  and  each  of  these  images  is  a  broken  line  of  whicli 
the  different  portions  correspond  to  the  fragments  of  the  topaz  :  now, 
if  one  of  the  systems  of  refracted  mys  followed  Descartes*  law,  the 
image  produced  would  be  a  straight  line,  for  the  direction  of  the 
rays  in  the  prism  would  then  be  independent  of  the  direction  of  the 
optic  axis  in  each  piece  which  composes  it.  Experiment  thus  proves 
that  the  two  rays  are  both  extraordinary  rays.  We  shall  soon  find 
another  means  of  distinguishing  crystals  with  one  or  two  axes  from 
each  other. 

We  may  conveniently  end  this  chapter  by  enumerating  the 
refractive  media  in  which  phenomena  of  this  oixler  are  not  mani- 
fested, or,  in  other  words,  which  are  endowed  with  simple  refi-action. 
First  there  are  gases,  vapours,  and  liquids ;  then,  among  substances 
whicli  have  passed  from  a  liquid  to  a  solid  state,  those  whose  mole- 
cules have  not  taken  a  regular  ciystalline  form,  such  as  glass,  glue, 
gum,  and  resins;  lastly,  crystals  whose  primitive  form  is  the  cube, 
regular  octahedron,  and  the  rhomboidal  dodecahedron.  It  must  be 
added  that  the  bodies  belonging  to  these  two  last  categories  can 
acquire  the  property  of  double  refraction  when  they  are  subjected 
to  violent  compression  or  expansion ;  also  when  their  diffei'ent  parts 
are  unequally  heated.  Certain  solids  belonging  to  the  vegetable 
or  anirnal  kingdom, — horn,  feather,  and  mother-of-pearl, — are  also 
endowed  with  double  refraction. 
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CHAPTER  XVI. 


POLARIZATION   OF  UGHT. 


Equal  intensity  of  the  ordinnry  and  extraordinary  images  in  a  doubly  refractive 
crystal. — Natural  light. — Huyghens*  experiments  ;  variations  of  intensity  with 
four  images  ;  polarized  light. — Polarization  of  the  ordinary  ray  ;  polarization  of 
the  extraordinary  ray ;  the  two  planes  in  which  these  polarizations  take  place. 
— Polarization  by  reflection. 

TI7HEN  a  lumiuous  object  is  viewed  through  a  double  refracting 
crystal,  a  rhombohedron  of  Iceland  spar  for  instance,  we  know 
that  two  distinct  images  are  seen ;  one  ordinary,  following  [the  law 
of  simple  refraction,  the  other  extraordinary,  the  properties  of  which 
we  have  indicated  in  the  preceding  chapter.  The  latter  is  easily 
recognized  as  it  revolves  roimd  the  other,  when  the  crystal  is  made 
to  rotate  in  a  plane  parallel  to  the  faces  of  incidence  and  emergence 
of  the  rays.  It  is  now  necessary  to  remark  that,  in  all  these  posi- 
tions, the  relative  intensity  of  the  two  images  has  not  varied:  the 
brightness  of  each  of  them  is  the  half  of  that  of  the  luminous  object, 
as  can  be  easily  proved  by  direct  observation.  Let  us  suppose  that 
we  examine  a  small  white  circle  on  a  black  ground.  In  all  parts 
where  they  are  separated,  the  two  images,  ordinary  and  extraordinary, 
of  the  circle  present  a  greyish  tint  of  the  same  intensity,  and  the 
brightness  equals  that  of  the  object  when  the  two  images  are  super- 
posed Indeed,  the  same  phenomenon  always  takes  place,  whatever 
the  respective  colours  of  the  object  and  ground  may  be.  The  same 
result  is  also  shown  if  we  allow  a  ray  of  solar  light  to  fall  on  the 
crystal  and  receive  the  two  refracted  rays  on  a  converging  lens,  the 
two  images  being  projected  on  a  screen  (Fig.  259).  K  the  crystal 
is  made  to  revolve  parallel  to  the  face  of  incidence,  the  two  images 
are  displaced,  each  describing  a  circumference  of  a  circle,  and  we 
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observe  that  in  every  position  the  luminoua  intensities  are  equal. 
If  the  two  images  are  partly  superposed,  the  brightness  of  the  super- 
posed jMrts  will  Im  double  that  possessed  by  the  separate  parte,  as 
shown  in  Y\^.  2<»i). 


All  old  and  beautiful  experiment,  due  to  Huyghens,  proves  that 
the  rays  which  emerge  from  Iceland  spar  have  acquired  new  and 
i-emirkable  properties,  after  their  deviation  in  the  crystalline  medium, 
— properties  which  they  did  not  possess  before  passing  through  the 
crj'stal.    This  experiment  consists 
ill    receiving    the    ordioaiy  and 
L'xtraordinary    rays,    after    their 
emergence  from  the  first  rhombo- 
Iiedron,  on  a  second  crystal,  and 
examining  the  relative  intensities 
(if  the  im[\ges which  theyproduce, 
when  the  second  crystal  is  caused 
to   revolve  over  the  first.      The 
following  is  a  very  simple  method 
of  observing  the  phenomena  which 
are    thus    produced;    it   is    that 
'""'■  «'!dTlu"lii',ll^"'l',iL^*''''^         wl>'ch  Huyghens  himself  demised. 
Let  us  place  the  first  crj'stal  ou  a 
black  sjiot  on  a  white  ground  ;  there  will  be  two  images  of  equal  in- 
tensity.   We  will  now  place  a  second  piece  of  Iceland  spar  on  the  first, 
and  it  must  !«  placed  so  that  tlieir  principal  sections  coincide;  in  order 
tliat  this  condition  may  be  realized,  the  faces  of  one  must  be  placed 
jijirallol  to  the  faces  of  the  other :  there  will  be  only  two  images  of  the 
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same  intensity  as  before.  Only,  the  two  images,  ordinary  and  extra- 
ordinary, will  be  more  separated  than  by  one  crystal.  The  same  effect 
would  take  place  if  the  principal  sections  of  tlie  two  rhombohedra 
remained  in  the  same  plane,  or  in  parallel  planes  when  even  the  two 
opposite  faces  of  the  crystals  were  not  parallel ;  and  it  is  not  necessary 
that,  in  the  first  position,  the  two  rhombohedra  touch  each  otlier. 

We  observe  then,  already,  a  difference  between  the  luminous  ray 
before  its  refraction  by  Iceland  spar,  and  each  eujeiging  ordinary  or 
extraordinary  ray ;  whilst  the  first  is  bifurcated  in  penetrating  the 
crystal,  it  appears  that  the  two  others  remain  simple  in  penetrating 
a  second  crystal. 


Its.  ML— Hnyibnu'  eipeili 


Let  US  now  slowly  turn  tlie  upjier  crystal,  so  that  the  principal 
section  makes  greater  and  greater  angles  with  that  of  the  first.  We 
then  see  four  images  appear;  each  of  the  two  first  will  be  divided, 
but  the  equal  intensity  which  characterized  them  is  not  retained  in 
the  others.  Of  these  four  images,  arranged  at  the  angles  of  a 
lozenge  with  regular  sides,  but  with  unequal  angles,  two  proceed 
from  double  refraction,  in  the  upper  crystal,  of  the  ordinary  emerjienl. 
ray;  the  two  others  proceed  from  the  double  refraction  of  the  extra- 
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ordinary  ray.  But  an  important  difTerence  to  be  indicated  is  that, 
ill  general,  each  couple  is  characterized  by  a  diB'erence  in  the  lumi- 
nons  intensity  of  tlie  images.  Fig.  261  represents  their  relative 
[Misitions  and  intensities  for  angles  comprised  between  0°  and  180°  of 
the  prinuijial  sections  of  the  two  crystals.  If  tlie  principal  sections 
are  at  right  angles,  only  two  images  are  seen ;  if  they  malEe  an  angle 
of  180°  and  the  crystals  have  the  same  thickness,  the  two  images 
are  super^tosed;  in  the  latter  case,  the  deviations  made  by  each 
crystal  being  in  opposite  directions,  there  is  only  one  image. 

It  already  follows  from  this  first  experiment  that  eaeh  xay  of 
light  wliich  has  ])asaed  through  a  doubly  refracting  crystal  no  longer 
]H)ssesse8,  after  its  passage,  the  same  properties  in  all  diiections;  for 
in  certain  directions  it  is  uo  longer  susceptible  of  imdergdi^  a  new 


Fio.  KM.— rulirioUon  of  th«  oidJiuiy  ny  fay  doubla  ittncUiNh 
bifurcation,  and  in  others,  the  two  rays  into  which  it  is  divided  liave 
no   longer  the  same  luminous  intensity.     To  distinguish  these  new 
properties,  it  is  said  that  light  which  has  passed  through  a  doubly 
refracting  crystal  is  jxiUirmtf  light. 

But  it  is  im]M>rtaiit  to  jwint  out  precisely  the  phenomena  just  de- 
scribed. I,et  ns  su]>jKiae  Unit  a  ray  of  solar  light,  81  (Fig,  262),  i3 
allowed  to  full  on  the  fii'st  crystal  of  Iceland  spar,  its  principal 
section  Iming  vertical.  This  ray  is  divided  in  the  plane  of  the 
section  into  two  rays:  the  one  ordinary,  IR;  the  other  extra- 
iirdinarj',  iii'.  If  we  intercept  one  of  the  two  by  a  screen,  and 
allow  t)ie  other  to  jmss  through  a  second  piece  of  Iceland  spar, 
the  Inniiiious  i-ay,  "n  triivereing  the  second  crj'stal,  will  undergo 
double  refniction :  it  will  lio  di\i(led  into  two  rays, — IB,  which  ig 
the  ordinary  rjiy,  and  i'r',  which  is  the  extraordinary  one.  Lastly, 
Iiy   the  help   of   a  lens,  we  will   project   the   emerging   rays    on  a 


'-] 


POLAHIZATIOS  OF  LJGMT. 


389 


Bcreeii,  anil  examine  what  will  happfii  if  the  seconil  rrystal  is 
turned  ao  as  to  produce  at  its  priiiciiwl  section  «verj-  poasilile 
angln  with  that  of  the  Hret,  from  0"  to  'M>(f.  Fi"  2iVi  s'.iows  the 
relative  iuteusities  of  the  two  images  if  the  ordinary  ray  frum  tlitt 
first  crystal  has  traversed  the  second ;  Fig.  264  shows  on  tlie  con- 
trary what  these  intensities  are,  when  the  extraordinary  ray  emer- 
gent from  the  first  is  allowed  to  pass  thnmgh  the  seciinil  ]irisiii. 


We  may  now  snin  up.  A  ray  of  ordinary  light  lias  entered  the 
first  crystal  when  it  undergoes  double  refraction,  and  each  of  the  rays 
which  emerge  has  particular  proi>erties  which  are  distinguished  hy 
saying  that  it  is  polarized:  for  this  reason,  the  first  crystal  receives 
the  name  of  polarizer.  Tlie  second  crvi'tHl  is  used  to  analyse  the 
projjerties  which  each  pencil  has  acquired  liy  polarization  :  this  is 
called  the  analyser. 

The  ordijiary  ray,  on  jmssing  through  the  analyser,  is  divided  into 
two  rays,  the  inten.sity  of  which  varies  according  to  the  angle  the 
principal  section  of  the  seconil  crystal  makes  with  that  of  the  first, 
and  which  gives  two  images,  one  ordinary,  the  other  extraonlinary. 
If  this  angle  is  0°  oi  180°,  the  ordinary  image  alone  exists  with 
maximum  intensity,  the  extraordinary  image  having  disappeared ; 
at  90°  or  270"  the  extraordinary  image  has  attained  its  maximum 
brightness,  the  other  having  disappeared.  For  intermediate  positions 
where  the  second  principal  section  forms  angles  of  45°  with  the  first, 
the  two   images  have  the  same  intensity.     lastly,  in  other  relntivt 
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positions  of  the  principal  sections  of  the  crystals,  there  is  unequal 
intensity  in  one  or  other  of  the  images.  It  is  then  said  that  the 
ordinaiy  ray  is  polarized  in  the  plane  of  the  principal  section ; 
this  plane  is  called  the  j?/an«  of  polarization.  Now,  like  the  second 
ray,  the  extraordinary  ray  undeigoes  the  same  modifications  on  passing 
through  the  analyser^  with  the  essential  difference  that  as  there  is 
always  a  difiference  of  90°  in  the  relative  position  of  the  principal 
sections,  it  is  said  to  be  polarized  in  a  plane  perpendicular  to  the 
first  plane  of  polarization.  Its  plane  of  polarization  makes  a  right 
angle  with  the  principal  section  of  the  polarizer.  Therefore  the 
two  rays,  ordinary  and  extraordinary,  proceeding  from  a  ray  of  light 
which  has  undergone  double  refraction,  are  polarized  at  right  angles. 

Polarization  by  double  refraction,  such  as  we  have  just  studied  in 
Iceland  spar,  is  produced  in  the  same  manner  with  all  doubly  re- 
fracting crystals.  But  it  is  not  always  easy  to  observe  it  on  account 
of  the  slight  separation  of  the  ordinary  and  extraordinary  rays. 
With  Iceland  spar  itself  it  is  necessary  to  have  crystals  of  a  certain 
thickness,  in  order  that  one  of  the  rays  can  be  more  readily  inter- 
cepted with  a  screen.  To  obtain  this  separation  of  the  polarized 
pencils  some  very  useful  apparatus  have  been  invented,  among  which 
may  be  mentioned  Nicol's  prism. 

NicoFs  prism  consists  of  a  long  crystal  of  Iceland  spar  which  has 
been  cut  in  two  in  a  plane  perpendicular  to  the  principal  section. 
The  two  pieces  again  placed  in  their  original  positions  are  joined 
together  by  means  of  a  layer  of  Canada  balsam.  The  refractive 
index  of  this  substance  is  intermediate  between  the  refractive  indices 
of  the  spar,  which  correspond,  one  to  the  ordinary,  the  other  to  the 
extraordinary  ray.  Hence  it  follows,  as  has  been  accurately  shown 
and  confirmed  by  experiment,  that  if  a  ray  of  light  enters  in  the 
direction  of  the  length  of  the  crystal  and  there  divides  into  two  by 
double  refraction,  the  ordinary  ray  undergoes  total  reflection  at  the 
surface  of  the  Canada  balsam,  whilst  the  extraordinary  ray  alone 
passes  into  the  second  half  of  the  cr}-stal  and  emerges  from  the 
opposite  face.  ' 

Let  us  suppose  that  two  of  Nicol's  prisms  are  used  to  work  out 
Huygheus'  experiment.  It  is  evident  that  only  two  images  will  be 
obtained,  those  ^^  hich  proceed  from  the  emergent  ray  ;  that  is  to  say, 
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ffuiii  the  extraoiiliiiary  ray  polarized  ly  the  lirat  prism.  If  thu 
principal  sections  of  the  two  prisms  are  parallel,  one  of  the  images, 
the  ordinary,  is  nt/,  the  e.'ttraordinary  one  at  its  maximum  brighlness  ; 
if  the  principal  sections  are  at  ri;5ht  angles,  both  of  them  disappear, 
as  the  ordinary  image  which  ought  to  Imve  a  maxiiiium  intensity 
«ndei^p)e3  total  reflection,  and  tlie  intensity  of  tlie  extraordinary 
iinivi;e  is  nil.  The  firat  ]>ri3in,  that  which  receives  the  ray  of  ordinary 
light,  is  the  Nicol  polarizer;  the  other  is  the  Nicol  analyser. 

This  property  (if  Nicol's  prism,  of  allowing  only  the  extraordinary 
Riy  to  emerge,  belongs  also  to  a  natural  crystal,  tourmaline,  which, 
when  it  possesses  a  ceitain  thickness,  strongly  absorbs  the  ordinary  my. 
M.  Biot  discovered  this  remark- 
able property  in  1815:  it  will 
enable  us  to  quote  from  Sir  .T. 
Herschel  another  example  of  the 
polarization  of  light  by  double 
refraction. 

"  When  we  take  one  of  the.se 
crystals,  and  slit  it  (by  the  aid  of  a 
lapidary's  wheel)  into  plates  panil- 
lel  to  the  axis  of  the  prism,  of 
moderate  and  uniform  thicknes.s 
(al)out  ,j\j  of  an  incli),  which  must 
lie  well  i)oli8hed,lnminoiia  objpfts 
may   lie   seen   timmgh   them,  as 

through  jJates  of  coloured  glass.  Let  one  of  these  i»lat#s  be  interposeil 
perpendicularly  between  the  eye  and  a  candle,  the  latter  will  be  seen 
with  et^iial  distinctness  in  every  position  of  the  axis  of  the  plate  with  ' 
respect  to  the  horizon  (by  the  axis  of  the  plate  is  meant  any  line  in 
it  parallel  to  the  axes  of  its  molecules,  or  to  the  axis  of  the  prism 
from  which  it  was  cut).  And  if  the  plate  be  turned  round  in  its  own 
plane,  no  change  will  be  perceived  in  the  image  of  the  candle.  Now 
holding  this  first  plate  in  a  fixed  position  (with  its  axis  vertical,  fur 
instance),  let  a  second  he  interposed  between  it  and  the  eye,  and 
turned  round  slowly  in  its  own  plane,  and  a  very  remarkable  phe- 
nomenon will  be  seen.  The  candle  will  appear  and  disappear  alter- 
nately at  every  quarter  of  a  revolution  of  the  plate,  passing  through 
all  gradations  of  briglitncss,  from  a  maximum  down  to  a  total  or 
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almost  total  disappearance,  then  increasing  again  by  the  same 
degrees  as  it  diminished  before.  If  now  we  attend  to  the  position  of 
the  second  plate  with  respect  to  the  first,  we  shall  find  that  the 
maximum  of  illumination  takes  place  when  the  axis  of  the  second  plate 
is  parallel  to  that  of  the  first,  so  that  the  two  plates  have  either  the 
same  positions  with  respect  to  each  other  that  they  had  in  the  original 
crystal,  or  positions  differing  by  180°,  while  the  minima,  or  disappear- 
ances of  the  image,  take  place  exactly  90°  from  this  parallelism,  or 
when  the  axes  of  the  two  plates  are  exactly  crossed.  In  tourmalines 
of  a  good  colour,  the  stoppage  of  the  light  in  this  situation  is  total, 
and  the  combined  plate  (though  composed  of  elements  separately  very 
transparent  and  of  the  same  colour)  is  perfectly  opaque." 

Thus  the  beam  of  ordinary  light  which  has  passed  through  the  first 
plate  of  tourmaline  is  polarized  like  that  which  emerges  irom  a  crystal 
of  Iceland  spar.  All  its  sides,  all  its  faces,  if  we  may  so  express  it,  do 
not  possess  the  same  property.  We  shall  now  see  that  double  refraction 
is  not  the  only  means  of  transforming  ordinary  into  polarized  light. 

In  1808,  Malus,  a  French  physicist,  famous  for  his  beautiful  re- 
searches on  optics,  while  accidentally  looking  through  a  crystal  of 
Iceland  spar  at  the  setting  sun  reflected  by  the  window  panes  of  the 
Luxembourg  Palace,  remarked  with  surprise  that,  on  turning  the 
prism,  the  two  images  changed  in  intensity;  the  most  refracted 
was  alternately  brighter  or  less  bright  than  the  other,  at  each  quarter 
of  a  revolution.  On  minutely  analysing  this  phenomenon,  he  dis- 
covered that  reflection  at  certain  angles  is  sufficient  to  induce  in  a 
luminous  ray  the  same  properties  which  a  ray  possesses  after  ha\aiig 
traversed  a  doubly  refracting  crystal  such  as  Iceland  spar.  Huyghens' 
experiment,  concerning  which  both  Huyghens  and  Newton  had  in 
vain  tried  to  produce  a  theory,  was  no  longer  an  isolated  phe- 
nomenon ;  and  it  was  in  the  endeavour  to  explain  it  by  Newton's 
theory  that  Malus  was  led  to  give  the  term  polarizaiion  of  light 
to  the  modification  undergone  by  the  luminous  rays  in  the  ex- 
periment just  mentioned.  Three  years  later,  in  1811,  Malus,  Biot» 
and  Brewster  discovered  separately  polarization  by  simple  refraction : 
Arago,  chromatic  polarization ;  and  since  then  many  new  facts  be- 
longing to  the  singular  modifications  of  the  luminous  rays  in  the 
phenomena  just  described  have  helped  to  form  one  of  tlie  most 
interesting  branches  of  science,  as  fruitful  of  theory  as  of  practical 
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applicatioiL  As  the  limits  and  elementary  nature  of  this  work  do 
not  allow  us  to  enter  into  long  details,  we  can  only  describe  some 
of  the  more  remarkable  of  these  phenomena. 

And  first  of  polarization  hy  rejlection.  When  a  beam  of  ordinary 
light  falls  obliquely  upon  a  non-metallic  mirror,  as  black  glass, 
marble,  or  obsidian,  it  acquires  by  reflection  tlie  same  properties 
as  if  it  had  traversed  a  double  refracting  crystal :  it  is  polarized. 

If  a  plate  of  black  glass  is  placed  on  a  table  in  front  of  an  open 
window,  and  the  light  of  the  clouds  reflected  by  the  plate  obliquely 
at  an  inclination  of  alx)ut  35°,  the  brightness  of  the  mirror  appears 
uniform.  If,  without  changing  the  position,  the  bright  surface  is  ob- 
served through  a  plate  of  tounnaline  split  parallel  to  its  optical  axis, 
and  if  this  plate  is  made  to  turn  in  its  own  plane,  the  following  varia- 
tions will  be  seen  in  the  brightness  of  the  image  of  the  clouds  formed 
on  the  plate  of  glass.  If  the  axis  of  the  tounnaline  is  in  a  vertical 
plane,  the  image  disappears ;  the  plate  of  glass  seems  covered  witli  a 
kind  of  dark  cloud :  when  the  axis  is,  on  the  contrary,  horizontal,  that 
is  to  say,  parallel  to  the  plate  of  glass,  the  darkness  completely 
vanishes :  lastly,  in  the  intermediate  positions  of  the  axis  of  the 
tourmaline  the  brightness  of  the  image  gradually  increases  from  the 
first  to  the  second  position.  If  the  analyser,  instead  of  being  a  plate 
of  tourmaline,  is  a  Nicol's  prism,  the  variations  of  brightness  of  the 
image  will  succeed  each  other  in  the  same  manner:  the  minimum  will 
take  place  when  the  principal  section  of  the  prism  is  vertical,  and  the 
maximum,  when  this  section  is  at  right  angles  to  its  first  position. 

From  these  experiments  we  infer  that  a  luminous  beam  falling 
with  an  inclination  of  85°  25'  (or,  in  other  words,  with  an  incidence 
of  54°  35')  on  a  plate  of  black  glass,  is,  after  reflection,  polarized  in 
the  plane  of  this  reflection.  This  angle  of  54°  35'  is  wlmt  is  named 
the  angle  of  polarization  of  glass :  it  is  that  in  which  the  reflected 
ray  can  be  completely  extinguished  by  the  |X)lariscope  analyser. 
This  is  expressed  by  saying  that  it  is  comi)letely  polarized.  When 
the  angle  of  incidence  has  another  value,  the  image  of  the  beam 
is  not  completely  extinguished  ;  in  fact,  the  reflected  ray  is  only 
partially  polarized. 

The  angle  of  polarization  varies  wuth  the  nature  of  the  reflecting 
substances.  Thus,  it  is  52°  45'  for  water,  56°  3'  for  obsidian,  58°  40' 
for  topaz,  68°  2'  for  diamond.     Brewster  made  a  very  curious  experi- 


394 


PHYSICAL  PHfCNOME.VA. 


[book  lit. 


nient  in  ordur  to  prove  the  difference  which  we  shall  presently  point 
out  between  the  angles  of  polarization  of  two  eubstanced, — glass 
and  water  for  example. 

He  placed  a  plate  of  glass  oo  that  it  might  receive  and  reflect  a 
beam  of  light  at  an  incidence  of  54°  35',  which  is,  as  we  have  just 
seen,  the  angle  of  polarization  of  glass.  He  then  obser\-ed  the  re- 
flected beam  with  an  analyser,  in  such  a  manner  that  all  liglit 
disappeared.  Now,  if  at  this  moment  any  one  breathed  on  the 
glass  plate,  the  image  again  appeared.  'Ihis  phenomenon  is  due 
to  the  reflection  from  a  bed  of  water,  the  angle  of  polarization  of 
water  not  being  the  same  as  that  of  glass. 


Malua  invented  an  apparatus  by  the  aid  of  which  all  the  pro- 
perties of  polarized  liglit  by  reflection  can  he  studied.  Besides  those 
we  have  just  described,  there  are  otliers  which  characterize  this  light 
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when  it  is  reSected  after  falling  on  a  Becond  reflecting  plate.  Fig. 
266  represents  the  apjiaratus  of  Malus  modified  and  peifected  by  M. 
Biot.  I  is  the  polished  plate  for  polarizing  the  ray  of  light  si  by 
reflection  from  the  surface  of  the  plate;  the  reflected  and  polarized 
ray  l  r,  then  enters  a  tube  blackened  inside  and  furnished  with  dia- 
phragms, and  passes  along  its  axis. 

As  it  issues  from  the  tul)e,  the  ray  falls  on  a  plate  l'  of  black  glass, 
is  again  reflected,  and  either  falls  on  the  eye,  or  forms  an  image  on  a 
screen  E.  The  frames  wliich  hold  the  two  reflecting  plates  can  be 
tmned  round  on  an  axis  {>erpendiciilar  to  that  of  the  tube,  so  that 
their  planes  can  make  with  the  latter  all  possible  angles ;  moreover, 
each  plate  can  be  turned 
in  one  of  its  positions 
also  round  the  axis  of 
the  tube ;  so  that  for  a 
given  incidence  of  the 
luminous  ray  on  the  first 
plate,  both  the  angle  of 
incidence  of  the  polar- 
ized ray  on  the  other 
plate,  and  the  angle  of 
the  second  plane  of  re- 
flection with  the  first,  can 
be  varied  at  will.  By 
means  of  this  apparatus 
it  can  be  shown  that  the 
maximum  brightness  of  the  im^e  takes  place  when  the  two  planes 
of  reflection  coincide ;  and  the  minimum,  when  tliese  two  planes  are 
ata  right  angle.  Moreover,  the  ray  is  completely  extinguished  when 
the  angle  of  incidence  on  each  of  the  two  mirrors  is  35°  25',  provided 
always  that  the  beam  has  not  too  great  an  intensity  as  in  the  case 
of  solar  light.  Brewster  discovered  a  very  simple  law  which  exists 
between  the  angle  of  polarization  and  the  index  of  refraction  of  the 
substance  which  polarizes  light  by  reflection,  so  that,  if  one  of  these 
elements  is  known,  we  can  deduce  the  other.  This  law  expresses 
the  following  geometric  relation:  the  reflected  ray  ir,  polarized  at 
the  angle  of  polarization,  and  the  refracted  ray  ir,  form  a  right 
angle.    Simple  refraction  also  polarizes  light.    This  was  discovered 
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sei)arately  by  Mains,  Biot,  and  Brewster  in  1811.  Tlie  phenomenon 
can  l>e  proved  by  Biot's  apparatus  (Fig.  266 j  when  the  glass  i  has 
been  replaced  by  a  glass  prisni.  If  the  prism  is  turned  so  that  the 
ray  issues  perpendicularly  to  the  face  of  emergence,  it  is  found 
by  turning  the  analyser  i',  that  the  beam  after  reflection  shows  a 
maximum  and  minimum  intensity,  but  not  in  a  very  decided  maimer. 
The  light  then  is  partially  polarized :  as  the  maximum  of  brightness 
takes  place  when  the  plane  of  incidence  on  the  analyser  is  perpendi- 
cular to  the  placig  of  incidence  on  the  prism,  we  see  that  in  tliis  case  the 
plane  of  polarization  is  perpendicular  to  the  plane  of  refraction. 

A  completely  polarized  ray  can  be  obtained  by  simple  refraction 
if  we  cause  it  to  successively  traverse  several  parallel  plates  of  glass 
at  an  angle  of  35°  25',  wliich  is,  as  we  have  seen,  the  angle  of  polar- 
ization of  glass.  These  thin  and  ]X)lished  plates  must  be  laid  one 
on  the  other,  in^such  a  way  that  a  tlun  stratum  of  air  is  inter- 
posed between  each  plate:  the  apparatus  thus  arranged  is  called  a 
glass  pile ;  it  is  used  as  a  polariscope  by  placing  it  in  Biot's  appa- 
mtus  in  place  of  the  glass  l'.  We  will  not  enlarge  further  on 
tliis  curious  class  of  phenomena,  the  detailed  description  of  which 
would  detain  us  too  long,  and  which,  besides,  to  be  well  understood, 
would  require  difficult  theoretical  developments.  We  only  desire 
to  initiate  the  reader  into  the  fundamental  facts  the  discoverv  of 
which  has  been  the  starting-point  of  this  important  branch  of 
modern  optics. 
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CHAPTER  XVII. 

CHKOMATIC   POIAKIZATION. 

Diijwvery  of  the  coloun*  of  ^wlarized  li^ht,  by  Arago. — Thin  phttes  of  doubly 
refractive  subMtances  ;  variations  of  colours  according  to  the  thickness  of  the 
phi tes.  — Colours  shown  by  compressed  and  heated  glass. — Coloured  rings  in 
crystals  with  one  or  two  with  axes. — Direction  of  hmiinous  vibrations :  they  are 
peq>endicular  to  the  direction  of  propagation,  or  parallel  to  the  surface  of  the 
waves. 

i  4  TTTHILE  examining  in  a  clear  light  a  somewhat  thin  plate  of  mica, 
by  means  of  a  prism  of  Iceland  spar,  I  observed  that  the  two 
images  did  not  jK)ssess  the  same  tint  of  colour ;  for  one  was  greenish 
yellow,  w^hile  the  other  was  reddish  purple,  and  the  portion  where 
the  colours  overlapped  presented  the  ordinary  colour  of  mica  as  seen 
by  the  naked  eye.  I  noticed  at  the  same  time  that  a  slight  change 
in  the  inclination  of  the  plate  as  regards  the  rays  which  traversed  it 
caused  a  variation  in  the  colour  of  the  two  images ;  and  that  if  this  in- 
clination were  allowed  to  remain  constant  and  the  prism  in  the  same 
position,  the  plate  of  mica  was  caused  to  turn  in  its  own  plane.  I  foimd 
four  positions  at  a  right  angle  in  which  the  two  prismatic  images  were 
equally  bright  and  perfectly  w^liite.  If  the  plate  of  mica  were  left  at 
rest  while  the  prism  was  turned,  each  image  was  observed  successively 
to  acquire  different  colours,  and  to  become  white  after  each  quarter 
of  a  revolution.  In  addition  to  which,  for  all  positions  of  the  prism 
and  the  plate,  whatever  might  be  the  colour  of  one  of  the  images,  the 
other  always  presented  the  complementary  tint ;  and  wherever  the  two 
images  were  not  separated  by  the  double  refraction  of  the  crystal,  the 
mixture  of  the  two  colours  formed  white." 

It  was  in  these  t^rms  that  Arago,  in  a  memoir  read  at  the  Academic 
des  Sciences  on  the  11th  of  August,  1811,  described  the  experiment 
which  was  the  beginning  of  a  series  of  dis-^overies,  on  the  phenomena 
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of  coloration  of  polarized  light.  He  instantly  recognized  that  the  light 
transmitted  by  a  plate  of  mica  was  light  polarized  by  reflection  from  the 
atmospheric  strata;  in  dull  weather,  when  the  light  from  the  clouds  has 
the  nature  of  common  light,  the  two  images  seen  through  the  plate  of 
mica  would  show  no  trace  of  colour.  Thus,  in  order  to  produce  the 
phenomenon,  the  light  which  traverses  the  crystallized  plate  must  have 
been  previously  polarized.  This  condition  was  placed  beyond  doubt  by 
Arago,  by  means  of  several  experiments  in  which  he  received,  on  a 
plate  of  mica,  rays  reflected  by  a  mirror  of  black  glass :  he  then  noticed 
that  the  colours  of  the  two  images  observed  through  Iceland  spar 
were  brighter  when  the  light  was  reflected  at  an  angle  nearer  to  the 
angle  of  polarization  of  the  glass.  All  doubly  refracting  substances 
cut  in  thin  plates  parallel  to  the  axis,  possess  this  same  property  of 
colouring  the  polarized  light  which  traverses  them;  thus  plates  of 
gypsum  (sulphate  of  lime)  can  be  used,  also  rock-crystal  and  Iceland 
spar.  But  the  thicknesses  of  the  plates  which  produce  these  colours 
vary  in  dififerent  substances,  and  in  the  case  of  each  of  them  no 
coloured  images  can  be  obtained  if  the  thickness  is  not  comprised 
between  certain  limits.  A  plate  of  sulphate  of  lime  must  have  more 
than  0mm.  425,  and  less  than  1mm.  27,  of  thickness;  a  plate  of  mica 
less  than  0mm.  085 ;  a  plate  of  rock  crystal  less  than  0mm.  45.  It  is 
difficult  to  obtain  colours  with  Iceland  spar,  because  the  thickness  of 
the  plate  must  not  exceed  the  fortieth  part  of  a  millimetre.  The 
inclination  of  the  plate  to  the  dii-ection  of  the  polarized  rays  influences 
the  colours,  which  quickly  change  as  this  inclination  varies.  The 
thickness  with  the  same  inclination  of  the  plate  and  the  same  posi- 
tion of  the  prism  also  influences  the  colours  of  the  image ;  and  M.  Biot 
found  that  the  laws  of  variation  of  these  shades  or  tints  are  precisely 
those  which  Newton  discovered  for  the  coloured  rings  of  thin  plates 
obtained  by  the  superposition  of  two  lenses;  but  the  thicknesses 
of  the  doubly  refractive  plates  which  correspond  to  the  colours  of 
Newton's  various  orders  are  much  greater  than  those  of  the 
stratum  of  air  enclosed  between  the  lenses. 

This  property  of  the  change  of  colour,  according  to  the  thickness, 
is  employed  to  produce  varied  and  curious  effects.  If,  after  having 
fastened  a  plate  of  gypsum  on  a  piece  of  glass,  a  spherical  cavity  of 
large  radius  is  hollowed  out,  and  the  plate  is  examined  by  means 
of   Biot's  apparatus,  the   light  which  reaches  the  eye,  having  been 
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previimsly  [lolamcd  liul'ure  traversing  the  plate  of  gy]i3niii  miii  the 

uu>ily:?er,  a  series  of  coloured  concentric  r.iy3  are  seen,  like  those 

<il)served  niunil  the  jioiiit  of  contact  uf  the  two  lenses  ;  if  we  engrave 

(liflorent  ohji!Cts  in  the  hollow  of  tlie  plate, — such  as  Huwers,  insects, 

and   hnttertlies, — the   depths   of   the    eitj;mvihg   can    be   calculated 

at  the  different    piints,  so  as   to  reproduce   the  bright   and  varied 

colours  of  the   natural  ohjects.     "  Formeriy 

we  did  better,"  said  Mr.  Bertin,  recently,  in 

a  very  interesting  conference  on  polarisation, 

■'  and   profited   by   the   circumstance   to   do 

honour  to  tlie  author  of  tliese  leantiful  ex- 

]>eriments.    In  tlie  uiiddt  of  a  crown  of  leaves 

appeared  the  name  of  Arsgo,  with  the  date 

of  his  discovery.     From  the  contemporaries 

of  the  great  man  it  was  perhaps  flattery;  bnt 

now  that  he  is  no  more,  the  suppression  of 

tliis  experiment   in  a  course  of  physics  is 

an  act  of  ingiiititude :  ve  forget  our  dead  to 

run  after  biitterHies."  It  wnuld  be  just  to 
join  to  the  name  of  Arago  thiit  of  Brewster, 
who  at  tlie  same  time  made  neariy  the  same 
discoveries,  and  to  whom  we  principally  owe 
that  of  coloured  rings  in  crystal.'*  with  one  o; 
two  axea  Before  entering  into  details  tf 
these  remarkable  phenomena,  we  may  state 
that  glass,  in  the  ordinaiy  state,  is  not  sus- 
ceptible of  showing  the  colours  oliseived  in 
crystallized  phitcs,  but  it  acquires  this  pro- 
jterty  by  tempering,  liending,  and  compres- 
sion, and   by  tlie  action  of  hint.      Figures 

268  and  269  show  some  of  the  appearances  presented  under  thero 
different  circumstances  by  plates  of  glass  of  a  certain  tliickness, 
and  of  either  a  rectangular  or  stpiare  form.  The  discovery  of 
these  phenomena  is  due  to  Seebeck  (1813),  and  they  are  of  the 
same  nature  as  those  just  described.  The  following  is  a  curious 
experiment  of  Biot  related  by  M.  Daguin  in  his  "Traitd  de  Phy- 
sique : " — "  Biot  produced  longitudinal  vibrations  in  a  band  of 
glans  about  two  metres  in  length,  placed  between  the  polarizcT  and 


-Mill 


rJirSICA  L  FUEXOMENA. 


[book  III. 


tliu  aiiiilyiiur  of  liis  ujipuratus  (disposed  so  a^  to  show  darkness) ;  8t 
each  vihnttinii  lie  siiw  a  bright  light  sliine  out,  the  brightness  and 
colour  of  wiiiL'h  tltt]ieiide(l  oii  the  mode  of  friction,  and  on  ibt 
intensity." 

The  colimi-M  of  iHihirized  liyht,  iimduced  by  tlie  passage  of  a  beam  of 
tliis  light  tliiiiiigli  u  thin  erystaUiue  plat^,  depend,  as  we  have  already 
Eiven,  on  tlie  thickness  of  the  plate ;  it  varies,  if  the  thickness  itsslf 
varies.  ])ut  for  a  ceituin  tliickness,  the  tint  ia  uniform,  becauae  all 
the  ntyii  which  compose  the  Itenin  are  parallel,  and  thence  traverse 
the  suine  siMice  in  the  interior  of  the  plat«.  If  instead  of  a  beam  a 
conical  jtencil  of  (Hihirized  liglit  is  received  on  the  plate,  so  that  the 
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axis  of  the  cone  is  ])erpendicnlnr  to  the  surface  of  the  plate,  it  is  clear 
tliat  the  rnys  will  jmism  through  the  interior  of  the  ciystal  id  p^Iu 
which  will  be  Ioniser  an  their  distance  from  the  axis  increases,  and  the 
tint  of  the  plates  observed  l)y  means  of  an  analyser,  will  no  longer  be 
uiiifonn,  We  then  see  systems  of  colourei^I  rings,  the  forms  and  tints  of 
which  vary  acconling  as  we  are  dealing;  with  a  crystal  with  one  or  two 
opticjil  axes,  ami  accunling  to  the  i>osition  of  the  polariscope  in  regatd 
to  the  plane  of  polariiiulion.  Tlie  following  is  the  manner  in  which 
the  bt'iiutifnl  i>lieiinniciia,  which  are  partly  reproduced  in  Plate  VIll,, 
are  obbunpil.  A  Uninimliiie  pincette  or  forcejia  is  used  (Fig,  270). 
lliia  instnimcnt  conslMts  of  two  metallic  ring.'*  with  a  spring  in  the 
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form  of  tweezers,  which  presses  them  together,  and  in  each  of  which 
a  plate  of  tourmaline  is  encased ;  each  plate  is  capable  of  turning  in 
its  ring,  so  that,  at  will,  all  possible  angular  positions  can  be  produced 
in  regard  to  the  axes  of  the  two  crystals.  Between  the  two  rings  is 
interposed  the  thin  cr}'stallized  plate,  of  Iceland  spar  for  instance, 
fixed  to  a  cork  disc,  which  the  pressure  of  the  rings  holds  between 
the  tourmalines.  If  we  look  through  this  system  of  tliree  plates,  we 
at  once  perceive  the  coloured  rings.  The  plate  of  tourmaline  turned 
towaids  the  sky  polarizes  the  light  of  the  clouds,  which,  aft^r  having 
traversed  this  first  plate,  converges  towards  the  eye  in  passing  through 
the  plate  of  spar  and  the  second  tourmaline.  Let  us  suppose  first 
that  the  two  tourmalines  are  disposed  in  such  a 
manner  that  their  axes  are  perpendicular:  the 
primitive  plane  of  polarization  is  then  parallel  to 
the  principal  section  of  the  tourmaline  which 
serves  as  a  polariscope,  A  series  of  concentric 
iridescent  rings  is  seen  traversed  by  a  black 
cross  (Plate  VTIL,  Fig.  1).  If  the  polariscope  is 
then  turned  90*",  the  axes  of  the  tounnalines  will 
be  parallel,  and  the  principal  section  of  t\\i\ 
polariscope  will  be  at  right  angles  to  the  plane 
of  polarization.  The  black  cross  is  then  found 
to  be  replaced  by  a  white  one,  and  the  iridescent 
rings  show,  at  the  same  distance  from  the 
centre,  colours  complementary  to  those  which 
they  assumed  in  the  first  experiment.  (Plate 
VIII.,  Fig.  8.)  In  the  intermediate  positions 
of  the  axes  of  the  tounnalines,  the  first  appear- 
ance gradually  passes  into  the  second ;  if  the  axes  are  inclined  4")**, 
Fig.  2,  Plate  VIII.,  is  obtained. 

These  phenomena  are  presented  in  the  case  of  white  light.  If  homo- 
geneous light  is  used,  yellow  light  for  instance,  rings  are  obtained 
alternately  bright  and  black,  having  crosses  similar  to  those  seen  in 
the  preceding  experiments,  the  bright  rings  being  of  a  yellow  colour. 
Eings  of  the  same  kind  would  appear  if  the  different  colours  of  the 
spectrum  were  employed,  and  would  be  larger  according  to  the 
refiungibility  of  the  colour :  for  this  reason  the  rings  are  iridescent 
when  white  light  is  employed,  and  this  also  is  why  the  violet 
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occupies,  in  this  case,  the  outer  edge  of  each  ring  in  the  first  position 
of  the  polariscope. 

In  1813  Brewster  discovered  the  coloured  rings  produced  by  polar- 
ized light,  when  it  traverses  thin  plates  of  doubly  refracting  crystals : 
he  saw  them  first  in  the  ruby,  emerald,  topaz,  in  ice,  and  nitre ;  later. 
Dr.  WoUaston  observed  them  in  Iceland  spar.  By  studying  these 
phenomena  in  the  dififerent  crystallized  substances  Brewster  succeeded 
in  dividing  doubly  refracting  crystals  into  two  classes,  viz.  crystals 
with  one  axis  and  crystals  with  two  axes ;  and  this  he  eflfected  by  the 
following  means : — Whilst,  in  the  ruby,  emerald,  and  Iceland  spar,  for 
example,  he  only  observ  ed  a  simple  system  of  coloured  rings,  in  nitre 
and  topaz  cut  in  a  certain  direction  and  observed  through  the  tour- 
maline pincettes  he  observed  a  double  system  of  rings,  alternately 
black  and  bright,  if  the  polarized  light  which  traverses  them  is 
homogeneous,  and  iridescent,  if  this  light  is  white.  This  phe- 
nomenon led  Brewster  to  the  discovery  of  crystals  with  tw^o  axes. 

To  observe  the  rings  of  which  we  speak,  a  plate  of  nitre  is  cut 
perpendicularly  to  the  mean  line  of  the  two  axes,  and  is  placed 
between  the  rings  of  tlie  tourmaline  pincettes. 

We  then  see  one  of  the  Figs.  4,  5,  and  6  of  Plate  VIII.  Fig.  6 
represents  the  appearance  when  the  plane  of  the  axis  of  the  plate  of 
nitre  is  parallel  to  the  primitive  plane  of  polarization ;  Fig.  4  when 
these  planes  make  an  angle  of  45**;  lastly,  Fig.  5  represents  the  rings 
produced  in  the  intermediate  position.  From  45**  to  90°,  the  same 
appearances  are  again  produced,  as  also  in  each  right  angle,  if  the  plate 
of  nitre  is  caused  to  turn  on  itself. 

With  homogeneous  light,  rings  are  obtained  alternately  which  are 
black  and  bright,  the  latter  being  of  the  colour  of  the  light  source. 

If  the  plate  remains  fixed  between  the  two  tourmalines  and  the 
analyser  is  turned  (that  is  to  say,  the  tourmaline  near  the  eye),  the 
rings  without  changing  their  position  gradually  change  in  colour,  and 
when  the  rotation  is  90**  or  270**  these  colours  become  complementary 
to  those  which  the  rings  first  assumed  in  the  same  position  of  the 
plate :  the  black  crosses  have  been  replaced  by  white  ones. 

We  must  stay  here  in  our  description  of  the  phenomena  produced 
by  polarized  light;  they  are  most  interesting,  and  the  very  enu- 
meration of  them  would  require  many  pages.  The  reader  however 
will  be  glad  to  know  that,  for  the  expenditure  of  a  few  shillings, 
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and  of  some  time,  he  may  produce  most  of  these  beautiful  pheno- 
mena for  himself  The  object  which  we  have  proposed  to  ourselves 
is  rather  to  excite  the  curiositv  of  the  reader  and  to  induce  him  to 
undertake  a  more  complete  study  of  natural  philosophy,  than  to 
give  a  precise  notion  of  the  causes  of  these  phenomena ;  that  is  to 
say,  to  show  what  explanation  they  receive  according  to  the  undu- 
latory  theory.  We  cannot  help  however  giving  a  risumi  in  a  few 
lines  of  the  important  progress  which  that  theory  has  made,  under  the 
influence  of  the  discoveries  which  succeeded  each  other  so  rapidly 
at  the  beginning  of  our  century. 

In  a  preceding  chapter  we  have  noticed  that  luminous  pheno- 
mena are  due  to  the  \'ibratory  movement  of  the  elastic  medium  called 
the  ether.  Phenomena  of  interference,  inexplicable  by  the  theory  of 
emission,  find  the  most  simple  and  satisfactory  explanation  on  the 
undulatory  theory;  but  they  tell  us  nothing  as  regards  the  dirtc- 
turn  in  which  the  vibrations  of  ether  takes  place.  We  can  sup- 
pose with  equal  possibility  that  the  oscillations  of  a  molecule  are 
effected  either  in  the  direction  of  the  propagation  of  light,  or  in  a 
direction  parallel  to  the  surface  of  the  waves,  or  perpendicular  to  the 
luminous  ray,  or  lastly,  in  any  direction  oblique  to  this  ray. 

But  adopting  the  first  hypothesis, — that  which  assimilates,  so  to 
speak,  the  luminous  waves  to  sonorous  waves, — it  would  be  impossible 
to  describe  the  transformation  that  a  luminous  ray  undergoes,  when  it 
has  traversed  a  doubly  refracting  medium,  or  when  it  is  reflected  at  a 
certain  angle  from  the  surface  of  a  polished  body.  Why,  if  the  vibra- 
tions are  longitudinal,  should  the  polarized  ray  possess  particular 
properties  in  certain  planes?  Why  should  these  properties  belong 
exclusively  to  certain  sides  of  the  ray  ?  These  objections  gave  a  great 
blow  to  the  undulatory  theory  when  Fresnel  conceived  the  idea  of 
substituting  for  the  hypothesis  of  longitudinal  vibrations,  that  of  trans- 
versal vibrations  perpendicular  to  the  direction  of  the  luminous  propa- 
gation. A  ray  of  ordinary  light  therefore  becomes  one  in  which  the 
vibratory  movements  are  effected  successively  in  all  directions  to  the 
surface  of  the  wave ;  hence  its  properties  must  be  the  same  in  all  direc- 
tions. But  if  this  ray  passes  through  a  polarizer,  on  emerging  the 
vibrations  of  which  it  is  composed,  instead  of  being  effected  in  all 
directions,  become  parallel,  and  are  all  effected  in  planes  perpendicular 
to  the  ray.     The  polarizer  has,  so  to  speak,  sifted  the  vibrations  of 

D  D  2 


■Hi  PUYSICAL  PHENOMENA.  [book  hi. 


the  ray  of  common  light :  it  has  stopped  or  destroyed  some,  and  has 
allowed  those  vibrations  only  to  pass  which  are  in  the  plane  of  the 
principal  section.  More  accurately,  every  vibration  parallel  to  the 
principal  section  passes  without  alteration  through  the  crystal,  while 
every  perpendicular  vibration  is  destroyed :  and  all  vibrations  oblique 
to  the  two  first  are  decomposed  into  others, — one  parallel  to  the  prin- 
cipal section  of  the  polarizer,  which  passes ;  the  other  perpendicular, 
which  is  stopped.  From  this  cause  arise  the  properties  of  polaiized 
light  which  we  have  described. 

The  consequences  of  the  undulatory  theory  thus  modified  are  very 
numerous :  until  now  they  have  all  been  proved  by  experiment ;  or 
rather,  the  phenomena  found  by  observation  are  explained,  like  those 
deduced  from  theory,  with  an  exactitude  which  is  the  most  striking 
proof  of  the  truth  of  the  principles  which  constitute  the  undulatoTy 
theory. 

Let  us  add  now  a  few  lines  on  the  applications  of  polarized  light 
in  the  study  of  the  natural  and  physical  sciences. 

Arago  used  polarization  by  double  refraction  to  construct  a  pho- 
tometric apparatus  based  on  the  relative  intensity  of  two  images ; 
an  intensity,  the  law  of  which  was  enunciated  by  Malus.  The  same 
savant  has  indicated  a  means  of  distinguishing  rocks  under  the  sea 
which  are  hidden  by  the  brightness  of  the  light  reflected  from  the 
surface.  Looking  through  a  Nicol's  prism,  the  principal  section  having 
been  carefully  placed  vertically,  the  reflected  rays  are  extinguished ; 
and  the  refmcted  rays  being  alone  transmitted  to  the  eye,  reveal  the 
presence  of  the  submerged  rocks. 

Polarization  enables  us  to  know  whether  the  light  which  comes  to 
us  from  a  substance  has  been  reflected  from  its  surface.  It  is  in  this 
Way  that  the  nature  of  the  light  of  the  heavenly  bodies  may  be  deter- 
mined, which,  like  the  moon  and  planets,  simply  send  us  the  Sun's 
rays ;  and  it  has  been  stated  that  the  light  of  cometary  masses  is  partly 
borrowed  from  the  Sun,  as  many  observers  have  distinguished  traces 
of  polarization  in  a  plane  passing  through  the  Sun  and  the  nucleus. 
The  polariscope  also  is  a  valuable  ally  in  eclipse  observations.  The 
light  of  the  rainbow  is  polarized  in  a  plane  normal  to  the  bow  and 
passing  through  the  eye  of  the  observer.  We  shall  learn  indeed  that 
the  rainbow  is  formed  of  light  reflected  by  the  spherical  drops  of  rain. 
Arago  made  use  of  polarization  by  reflection  to  discover  the  nature  of 
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various  precious  stoues :  having  cut  a  small  facet  on  the  surface  of  one 
of  them,  he  determined  the  angle  of  polarization,  and  noticed  that 
it  was  exactly  that  of  the  diamond.  Chromatic  polarization  is  of 
great  help  in  the  study  of  crystals :  it  indicates  whether  a  crystal 
has  one  or  two  axes  of  symmetry,  as  also  the  position  of  these  axes 
in  the  crystal,  &c. 

Lastly,  quartz  and  a  great  many  liquids,  solutions  of  sugar,  solutions 
of  tartaric  acid  and  albumen,  all  have  a  property  characterized  by 
physicists  as  the  rotatory  power :  a  plate  of  quartz  cut  perpendicularly 
to  the  axis  causes  the  plane  of  polarization  of  the  rays  which  traverse 
it  to  deviate  through  a  certain  angle ;  and  this  deviation  is  different  for 
rays  of  different  colours.  If  the  polarized  light  which  has  traversed 
the  quartz  is  white,  the  colours  which  compose  it  will  be  destroyed 
in  different  proportions :  hence  a  certain  tint  proceeding  from  the 
mixture  of  the  rays  which  are  not  extinguished.  This  is  the  phenomena 
of  rotatory  polarization  discovered  by  Arago  in  1811,  and  the  laws  of 
which  Biot  has  studied  experimentally. 

Now  these  laws  have  furnished  a  valuable  method  in  the  arts 
called  saccharimetry,  by  the  aid  of  which  the  quantity  of  pure  sugar 
contained  in  a  solution  of  sugar  can  be  discovered. 

These  phenomena  therefore,  which  seemed  at  first  only  interesting 
in  theory,  can  be  brought  to  bear  on  important  practical  processes. 
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CHAPTER  XVIII. 


THE    EYE     AND    VISION. 


Description  of  the  hutuau    eye. — Formation  of  images   on    the   retina. — Distinct 
vision  of  the  nonual  eye. — Conformation  of  the  eyes  in  Myopeis  and  Presbyopsis. 

rpHE  numerous  and  varied  phenomena  which  we  have  just 
-^  described,  all  relate  to  the  propagation  of  light  through  different 
media,  and  to  the  modification  it  undergoes  either  in  point  of  intensity 
or  colour,  when  the  conditions  of  the  path  followed  by  the  luminous 
rays  are  changed.  We  have  not  occupied  ourselves  yet  with  the 
manner  in  which  our  organs  are  affected  by  all  these  phenomena,  nor 
with  the  path  followed  by  the  light  when  it  ceases  to  belong  to  the 
outer  world  and  becomes  an  internal  phenomenon. 

How  is  this  passage  effected?  by  what  transformation  does  a 
vibratory  movement,  ,such  as  that  of  ether  waves,  succeed  in  pro- 
ducing in  man  and  other  animals  the  sensation  of  sight?  How  do 
variations  in  the  velocity  or  in  the  amplitude  of  the  vibration  produce 
corresponding  variations  in  the  intensity  of  light  and  colours  of  bodies  ? 

This  is  a  series  of  questions  which  science  is  far  from  having 
solved,  and  which  moreover  belong  rather  to  the  domain  of  physiology 
than  to  physics. 

That  which  is  known  and  which  observation  has  investigated  in  a 
positive  manner  is  the  path  of  the  luminous  rays  in  the  eye,  from 
the  instant  when  they  penetrate  that  organ  to  the  moment  when 
they  reach  the  nerves;  the  impression  they  then  produce  is  transmitted 
to  the  brain  and  determines  the  sensation  of  sight.  During  this 
j)assage,  the  luminous  rays  obey,  as  we  shall  see,  the  knowTi  laws  of 
propagation  of  light  through  media  of  valuable  form  and  density ;  mx 
deal  only  with  phenomena  of  simple  refraction. 

The  eye  is  nothing  more  than  a  dark  chamber,  the  opening  of  which 
is  furnished  in  front  with  a  transparent  window,  behind  which  there  is 
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a  lens ;  and  the  back  of  which  is  covered  with  a  membrane,  which 
serves  as  a  screen  upon  which  the  images  of  exterior  objects  are  pro- 
jected and  reversed.  We  will  now  give  a  detailed  description  of  this 
admirable  instrument. 

The  eye  is  placed  in  a  cavity  of  the  skull  known  as  the  orbit;  its 
form  is  that  of  a  nearly  spherical  globe  entirely  covered  by  a  hard 
consistent  membrane,  the  resemblance  of  which  to  horn  has  caused 
it  to  be  called  the  cornea  where  it  is  transparent  in  front,  and  else- 
where the  sclerotic. 


Fio.  271.— Horizontal  section  of  the  eyelmll.  ScL  the  sclerotic  coat;  Cn.  the  cornea;  R.  the 
attAchnients  of  the  tendons  of  the  recti  muscles ;  Ch.  the  chon>id  ;  C.p.  the  ciliary  procemies; 
Cm.  the  ciliary  muscle;  Ir  the  iris;  ^9.  the  af|ueouH  hmnour ;  Cry.  the  crystalline  lens; 
VL  the  vitreous  humour;  Rt.  the  retina;  Op.  the  optic  nerve;  M.L  the  yellow  spot.  The 
section  has  passed  through  a  ciliary  process  on  the  left  side,  and  between  two  ciliary  pruceasea 
on  the  right. 

Tlie  cornea,  in  front  of  the  eye,  has  a  much  more  marked  curvature 
than  the  sclerotic ;  it  is  like  a  very  convex  wat^h-glass. 

Through  the  transparent  cornea  is  seen  a  circular  membrane,  the 
colour  of  which  varies  according  to  persons  and  races  ;  sometimes  grey, 
light  or  dark  blue,  or  sometimes  a  yellow  brown.  This  membrane  is 
the  iris,  a  kind  of  diaphragm  pierced  in  the  centre  by  an  aperture 
which  is  circular  in  man ;  this  opening  is  called  the  pupU,  Behind  the 
pupil  which  is  the  oi)ening  of  the  dark  chamber  there  is  a  solid  lens ; 
this  is  the  crystalline  lens,  the  outer  face  of  which  presents  a  less 
decided  cune  than  the  inner.    The  crystalline  lens  divides  the  cavity  of 


40ft  PHYSICAL  FUENOMENA.  [book  hi. 


the  eye  into  two  parts  or  chambers  of  unequal  dimensions,  as  shown 
by  Fig.  271.  The  anterior  chamber,  placed  between  the  transparent 
cornea  and  the  crystalline  lens,  is  full  of  liquid,  differing  very  little  from 
pure  water,  and  which  has  nearly  the  same  refractive  power;  this  liquid 
is  called  the  aqueous  humour.  Between  the  crystalline  lens  and  the 
back  of  the  eye  is  the  posterior  chamber,  which  is  filled  with  a 
transparent  colourless  substance  having  the  consistence  of  a  jelly, 
and  rather  more  refractive  than  water :  it  is  the  vitreous  humour, 

A  ray  of  liglit  which  penetrates  into  the  eye  traverses  the  following 
series  of  refractive  media,  before  arriving  at  the  back  of  the  organ :  the 
transparent  cornea,  aqueous  humour,  the  crystalline  lens,  and  vitreous 
humour.  In  each  of  these  media,  the  light  undergoes  a  particular 
refraction,  and  the  whole  deviation  is  such  that  it  comes  to  a  focus 
on  the  membrane  which  covers  the  posterior  chamber  of  the  eye.  All 
the  inner  surface  of  the  sclerotic  is  covered  with  a  thin  membrane, 
the  cJioroid. 

The  choroid  coat  is  lined  internally  with  a  layer  of  polygonal 
bodies  containing  pigments ;  these  are  called  pigment  cells.  Inside 
these  lies  the  retina,  sections  of  which  are  given  in  the  next  figure. 

Those  parts  of  the  eye  that  we  have  just  described  tend  to  the 
formation  and  reception  of  the  images  of  objects ;  their  functions  are 
therefore  passive.  It  is  on  the  retina  where  these  images  are  produced 
that  the  impression  of  light  on  the  sensible  part  of  the  eye  takes 
place.  Behind  the  globe  of  the  eye,  the  choroid  and  the  sclerotic  are 
pierced  with  a  circular  hole,  which  gives  passage  to  the  filaments  of 
the  optic  nerves.  This  fasciculus  or  sheaf,  on  arriving  at  the  interior 
of  the  eye,  is  spread  out  and  extended  over  the  whole  surface  of 
the  sclerotic,  forming  a  membrane  immediately  in  contact  with  the 
vitreous  humour. 

Hence,  then,  we  have  a  lens  to  throw  an  image ;  the  eye  is  a 
"  water  camera,"  and  the  retina  is  the  equivalent  of  the  photographer's 
ground  glass  or  prepared  plate,  where  the  vibrations  of  the  ether  are, 
in  Professor  Huxley's  language,  converted  into  a  stimulus  to  tlie 
fibres  of  the  optic  nerve,  which  fibres  when  excited  have  the  power 
of  awakening  the  sensation  of  liglit  in  us  by  means  of  the  brain.  But 
it  must  not  be  forgotten  that  the  fibres  of  the  optic  nerv^e  are  as  blind 
as  any  part  of  the  body;  "but  just  as  the  delicate  filaments  of  the 
ampullie,  or  the  oloconia  of  tlie  vestibular  sac,  or  the  Cortian  fibres  of 
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tlie  cochlea,  are  contrivances  for  converting  the  delicate  vibrations  of 
the  perilymph  and  endolymph  into  impuhea  which  can  excite  the 
auditory  nerves,  so  the  structures  in  the  retina  appear  to  be  adapted 
to  convert  the  infinitely  more  delicate  pulses  of  the  lumiuiferous 
ether  into  stimuli  of  the  fibres  of  the  optic  nerve." 
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It  is  easy  to  account  for  the  path  of  tlie  rays  of  light  which 
emanate  from  an  object  a  b,  anil  the  manner  in  which  this  object 
foi-uis  its  image  on  the  retina.  This  lenticular  system,  compared  of 
the  transparent  cornea  and  the  crystalline  lens  separated  by  the 
aqueous  humour,  has  its  optic  centre  at  Ihe  point  o  situated  a  little 
behind  the  crv-stalline  Ipils  (Fiy.  27'-')- 

If  the  becondaiy  aies,  a  •>  and  r  n,  are  taken,  it  is  in  their  [trolonpa- 
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tiou  and  at  the  point  where  they  meet  the  retina,  that  the  beam  ema- 
nating from  the  pointe  a  and  B  convei^ ;  the  intennediate  points  will 
form  their  images  between  the  positions  a  and  6.  The  images  6  a  of 
the  object  will  then  be  reversed.  This  result  is  one  of  the  conse- 
<|uences  of  the  laws  of  refraction  and  of  the  path  of  rays  through 
lenses ;  hut  it  has  been  proved  by  direct  observation.  Thus,  by  taking 
the  eye  of  an  animal  just  dead  and 
freeing  it  from  the  strata  of  fat 
with  which  the  ball  is  enveloped, 
the  sclerotic  is  pared  off  at  its 
posterior  part,  in  such  a  manner  as 
to  render  it  translucent :  the  eye 
thus  prepared,  and  exposed  to  day- 
light, shows  on  the  sclerotic  a  very 
small  and  clear  image  of  exterior 
oiijects.  The  reversed  image  of  a 
candle  can  also  lie  seen  through  the  sclerotic  of  albino  animals ;  tlie 
iibsence  of  colouring  pigment  in  this  sclerotic  renders  it  naturally 
translucent. 

The  iris  acts  as  a  diaphragm,  which  only  allows  cones  of  light, 
having  the  aperture  of  the  pupil  for  their  base,  to  penetrate  into 
the  eye. 

But  the  ins  can  be  spontaneously  contracted  or  dilated,  in  such  a 
manner  as  to  cause  the  pupil  to  become  narrower  or  larger.  This 
automatic  movement  is  produced  in  the  first  direction  when  the 
brightness  of  the  light  received  by  the  eye  increases ;  and  in  the  second 
direction  if  this  brightness  diminishes.  The  same  thing  occurs  when 
the  eye  looks  at  objects  situated  at  different  distances;  the  pupil 
enlarges  for  distant  objects  and  contracts  for  objects  nearer  the  eye. 

IxMjk  at  the  eye  in  a  looking-glass  wlien  you  hold  it  at  a  certaia 
distance,  and  examine  the  dimensions  of  your  pupils;  then  rapidly 
draw  the  mirror  nearer  without  moving  the  pupil :  yon  will  see  the 
iris  slowly  get  narrower. 

The  eye  being  thus  assimilated  to  a  system  of  lenses,  it  may 
iipjifiir  singular  that  it  can  be  used  to  see  clearly  so  many  objects 
situated  at  such  varied  distances.  It  cannot  be  doubted  that  in 
order  that  the  vision  be  distinct,  the  object  must  make  its  clear 
image  on  the  retina  itself. 
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It  is  necessary  then,  when  the  distaDCc  chaoges,  that  the  focus 
should  change  also,  no  as  always  to  coincide  with  the  surface  of  the 
nervous  memlirane.  Tliis  fact  is  explained  by  saying  that  the  eye  ac- 
commodates itself  to  distances.  But  hy  what  mechanism  does  the  eye 
in  this  way  keep  its  property  of  clearly  distinguishing  objects  ?  For 
short  distances,  the  narrowing  of  the  pupil ;  and  for  long  ones,  a  cliange 
in  the  fonn  of  the  crj'stalline  lens  which  diminishes  its  converging 
power:  such  are  the  two  movements  submitted  to  out  will,  but  made 
without  our  knowledge,  by  the  aid  of  which  physicists  explain  the 
adaptation  of  which  it  is  capable.  There  is  an  inferior  limit  to  the 
distance  of  objects  that  we  try  to  see  clearly :  this  is  the  limit  of 
distinct  vision,  which  \'aries  nith  individuals  and  with  age,  between 
15  to  20  centimetres.  In  a  nor- 
mally constituted  eye,  there  is  no 
superior  limit. 

The  confonnatiou  of  the  eye  may 
be  such,  that  the  limit  of  distinct 
vision  may  be  much  greater  than 
that  of  which  we  have  just  spoken. 
This  affection,  which  is  met  with 
especially  in  old  people,  obliges 
them  to  hold  a  book  at  a  great 
distance  to  read  it  clearly.  That  i 
beyond  the  retina,  so  that  the  convergence  of  the  rays  emanating 
from  a  luminous  point  docs  not 
fall  on  this  membratie,  whence  a 
confused  impression  results.  Hy 
taking  the  object  to  a  distance,  the 
focus  is  brought  forward,  and  vision 
becomes  more  distinct.  I'ersons 
with  this  <lefect  of  sight  are  loni/- 
itighttd :  this  is  attribut«d  either  to 
the  diminution  of  tlic  crj'stalliue 
lens  or  to  a  rigidity  which  does  not 
permit  of  adaptation  to  small  distances,  or  lastly  to  a  flattening  of  the 
globe  of  the  eye;  juiar-sigMed  jieo pie  have  the  opposite  defect.  The 
distance  of  distinct  vision  is  much  shorter  for  them  than  for  normal 
sight,  and  at  great  distances  the  sight  is  always  confused.     Thif  arises 


I  because  the  image  is  formed 
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from  an  opposite  cause  to  that  which  producen  long-sight :  the  focus  or 
the  image  of  a  luminous  point  is  formed  infrorU  of  the  retina.  The 
extreme  convexity  of  the  crystalline  lens  and  the  large  diameter  of 
the  globe  of  the  eye  are  the  most  ordinary  causes  of  short-sightedness. 
This  defect  is  acquired  by  habit :  literaiy  and  office  men,  and  people 
whose  occupations  oblige  them  to  look  closely  at  small  things,  are 
frequently  subject  to  this  infirmity. 

Many  physicists  have  inquired  why  the  images  of  objects,  being 
reversed  on  the  retina,  are  seen  in  their  real  positions ;  that  is  to  say, 
upright.  To  explain  this  apparent  singularity,  hypotheses  more  or 
less  ingenious  have  been  suggested.  But  the  image  projected  on  the 
retina  is  not  an  object  that  we  might  examine,  as  if  we  possessed 
another  eye  behind  the  retina.  In  truth,  outer  objects  and  ourselves, 
our  own  bodies,  are  seen  by  us  in  their  exact  relative  positions :  this 
is  all  that  is  necessary,  and  when  we  say  that  we  see  an  object,  a  tree 
for  example,  upright  and  not  inverted,  that  simply  means  that  its  top 
and  its  base  appear  to  us,  the  first  to  be  raised  in  the  air,  the  other 
touching  the  ground,  absolutely  in  the  same  direction  as  our  own  head 
and  feet  in  our  normal  position.  If,  by  a  particular  disposition  of  one 
eye,  similar  to  that  of  certain  lenses,  the  images  were  made  upright  on 
the  retina,  it  does  not  appear  doubtful  to  us  that  our  perception  would 
not  be  changed :  in  order  to  make  it  otherwise,  it  would  be  necessary 
that  there  was  an  exception  for  the  image  of  our  body,  which  is 
beyond  supposition. 

The  impression  made  by  light  on  the  retina  lasts  a  certain  time, 
which  accounts  for  our  seeing  under  the  form  of  a  luminous  line 
a  bright  point  which  moves  rapidly :  thus  the  end  of  a  stick,  being 
lighted,  by  rapid  turning  takes  the  form  of  a  circle  of  fire.  Some 
experiments  made  by  M.  Plateau  prove  that  the  mean  length  of 
sensation  is  eight- tenths  of  a  second;  that  the  light  must  persist  a 
certain  time,  in  order  that  the  impression  produced  arrive  at  its 
maximum,  and  that  the  length  of  this  maximum  is  in  the  inverse 
ratio  of  the  brightness ;  lastly,  that  the  length  of  the  total  scnsati«vn 
increases  with  the  intensitv  of  the  \\^\\t. 
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CHAPTER  I. 

DILATATION. — ^THEBMOMETERS. 

Sensations  of  heat  and  cold  ;  causes  of  error  in  the  perception  of  the  tempenttnre 
of  bodies. — Oeneral  phenomena  of  dilatation  and  contraction  in  solids,  liquids, 
and  gases. — Temperature  of  bodies. — Thermometers  based  on  dilatation  and 
contraction. — The  mercurial  thermometer. — ^Alcohol  thermometer. — ^Air  ther- 
mometers ;  metallic  thermometers. 

A  LL  known  substances,  whether  solid,  liquid,  or  gaseous,  appear  to 
•^^  the  touch  more  or  less  warm  or  cold.  This  impression,  as  daily 
experience  shows,  depends  as  much  on  the  particular  disposition  of 
our  organs  as  on  the  condition  of  the  bodies  themselves;  moreover, 
it  may  chance  that  they  do  not  produce  in  us  any  sensation  of  heat ; 
in  a  word,  they  may  appear  neither  hot  nor  cold. 

The  same  body,  when  we  touch  it  at  different  times,  may  also 
produce  in  us  different  and  even  opposite  sensations,  either  because  it 
is  really  in  the  interval  warmed  or  cooled,  or  because  our  organs 
have  undergone  analogous  modifications ;  or,  lastly,  the  two  causes  to 
which  we  have  here  referred  may  have  simultaneously  contributed  to 
the  differences  of  impression.  Anyone  can  easily  find  examples  of 
the  influence  of  these  two  causes,  and  we  can  understand  how  difficult 
it  would  be  to  appreciate  variations  in  the  temperature  of  bodies,  if  the 
basis  of  this  appreciation  were  only  the  personal  sensations  produced 
by  contact^  or  at  a  distance.  Let  us  suppose,  for  example,  that  we  hold 
our  right  hand  for  some  time  in  a  vessel  of  cold  water,  and  our  left  in 


41G  PHYSICAL  PUENOyfEXA,  [book  iv. 

one  of  very  warm  water,  and  that  we  afterwards  plunge  them  both  at 
the  same  time  into  a  third  vessel  filled  with  lukewarm  water ;  we 
shall  undergo  simultaneously  two  opposite  sensations,  one  of  heat,  the 
other  of  cold,  both  proceeding,  nevertheless,  from  the  same  body  in  the 
same  condition. 

Another  example  of  the  diflBculty  which  we  have  pointed  out  exists 
in  the  fact  that  the  outer  air  appears  to  us  cold  if  we  leave  a  warm 
room ;  and,  on  the  contrary,  the  same  air  seems  warm  when  we  come 
out  of  a  cool  cave.  On  entering  a  well- warmed  room  in  frosty  weather 
we  declare  that  the  temperature  is  unbearable ;  nevertheless,  in  warm 
weather,  if  the  air  suddenly  cools,  we  shall  shiver  in  the  same  tempe- 
rature which  would  appear  excessively  high  in  winter.  This  is  because 
our  organs,  which  are  gradually  habituated  to  the  cold  or  heat,  with 
difficulty  undergo  the  quick  transitions  which  determine  in  them  more 
intense  sensations.  It  is  not  therefore  possible  to  make  use  of  such 
variable  impressions  in  the  determination,  however  inexact,  of  the 
thermic  condition  of  bodies. 

Hence  the  necessity  of  finding  among  the  effects  which  result  from 
the  variations  of  temperature  in  solids,  liquids,  and  gases,  a  phenomenon 
sufficiently  general  and  constant  to  be  used  as  a  point  of  comparison 
in  studies  of  this  nature ;  that  is  to  say,  a  phenomenon,  the  variations 
of  which  can  be  verified  and  measured,  without  the  necessity  of  the  in- 
tervention of  the  personal  impressions  of  the  observer.  Now,  physicists 
have  ascertained  the  fact — general  with  one  or  two  exceptions,  some 
apparent,  others  real — that  all  bodies,  whatever  their  physical  state,  on 
being  heated,  increase  in  volume  or  dilate,  and  on  being  cooled  contract 
or  diminish  in  volume.  We  will  first  describe  some  experiments 
wliich  demonstrate  this  phenomenon,  in  solids,  liquids,  and  gases. 

If  we  take  a  metal  sphere  and  ring  of  the  same  substance,  of 
such  dimensions  that  when  they  are  at  the  same  temperature  the  sphere 
can  just  pass  through  the  ring,  and  if  the  ball  alone  be  now  heated  and 
placed  on  the  ring,  it  will  no  longer  pass  through,  which  proves  that  it 
has  been  expanded  by  heat ;  but  if  it  is  allowed  to  cool  and  return  to 
its  original  condition,  it  again  passes  through.  If,  on  the  other  hand, 
the  ring  is  warmed,  the  metal  sphere  passes  freely  through  the  open- 
ing, whence  it  may  be  concluded  that  the  ring  has  been  enlarged 
by  the  heat.  But,  if  the  ring  and  the  sphere  are  heated  at  the 
same  time,  and  equally,  both  increase  in  volume  to  a  like  extent. 


CH.\P.   I.] 


DJLA  T.{  7'IOX. 


tmd  they  preserve  the  same  relationship  as  regards  size  as  at  the  com- 
mencement This  little  apparatus  is  known  aa  S'Gravesande's  ring, 
from  the  Dutch  physicist  who  invented  it.    Sometimes  it  takes  another 


form  (Fig.  27G) ;  for  the  sphere  a  metallic  cone  is  substituted,  on  which 
the  ring  slides  to  different  heights  according  as  the  ring  or  the  cone  is 
alone  heated.  If  the  increase  of  temperature  is  the  same  for  the  cone 
and  the  ring,  that  is  to  say,  if  both  are  uniformly  heated,  although 
separately,  the  ring  descends  on  the  cone  to  an  in- 
variable positioa  This  last  fsict  furnishes  us  with  an 
important  indication  as  to  the  manner  in  which  vases 
which  are  cylindrical,  conical,  or  of  other  forms,  are 
dilated.  Their  change  of  volume  takes  place  aa  if  the 
vase  were  filled  with  the  substance  which  forms  the 
envelope:  its  interior  capacity  varies,  as  the  volume  of  fio,  i7ii,-E»- 
the  solid  nucleus  of  which  we  speak  itself  varies,  under  •""•'^ 

the  same  thermic  conditions. 

Bodies  expand  by  heat  e([ually  in  every  direction,  so  that  a  metallic 
rod  having  the  form  of  a  parallelepiped  increases  in  each  of  its  thrte 
dimensions,  width,  length,  and  thickness.  Hence  there  are  three  kinds 
of  expansion — cubical,  superficial,  and  linear  expansion.  The  last 
is  proved  by  means  of  the  apparatus  represented  in  Fig.  277.  A 
metallic  rod  ia  fixed  at  one  of  its  extremities,  and  when  heated  along 
the  whole  of  its  length  it  dilates  freely  at  the  other  extremity,  which 
presses  against  the  little  arm  of  a  bent  lever  so  that  the  index  forming 
the  large  arm  of  the  lever  describes,  on  a  graduated  scale,  an  arc 
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whicli  is  larger  as  tlie  relation  of  tlie  leiigtlis  of  the  two  branches 
increases.  The  smallest  amount  of  expansion  of  the  rod  is  thus 
rendered  pen^eptible. 


Variation  of  temperature  produces  much  more  decided  variations 
of  volume  in  liquids  than  in  the  greater  number  of  solids.  The 
following  is  one  of  the  means  which  is  used  to  demonstrate  the 
expansion  of  liquids. 

We  take  a  glass  bulb,  to  which  is  attached  an  open  tube  of  small 
diameter ;  we  fill  it  with  the  liquid  to  be  experimented  npon,  and  mark 
upon  it  a  line  a  to  indicate  the  position  of  the  liquid  in  the  tube 
(Fig.  278).  Then,  plunging  the  bulb  into  water  warmer  than  the  liquid, 
the  movement  of  the  latter  can  be  easily  followed  in  the  tube.  At  first 
the  level  is  seen  to  descend  from  a  toft;  which  arises  from  the  expan- 
sion of  the  glass  envelope,  which  responds  to  the  first  action  of  the 
heat.  Hence  its  capacity  is  increased,  before  the  liquid  within  can 
compensate  for  this  augmentation  by  its  own  expansion.  But  after 
a  short  time  the  apparent  contraction  ceases,  and  the  liquid  gradually 
rises  to,  say,  the  point  a,  where  it  remains  if  equilibrium  has  been 
established.  If  the  apparatus  is  now  cooled,  the  liquid  will  be  seen 
to  descend  gradually,  until  at  la'ft  it  assumes  its  original  height 

Different  liquids  do  not  expand  e<]ually  under  the  same  conditions, 

but,  with  about  one  exception,  to  which  we  shall  soon  advert,  they  all 

increase  or  diminish  in  volume,  according  as  they  are  heated  or  cooled. 

■   Again,  gases  are  still  more  expansible  than  liquids :  if  we  place  near 
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the  fire  a  closed  bladder  half  filled  with  air,  we  observe  that  it  gradually 
swelb  out;  the  air  which  it  contains  therefore  increases  in  volume  by 
the  action  of  heat  The  expansion  of  air,  or  any  other  gas,  under  the 
influence  of  an  increase  of  temperature,  may  te  proved  by  other  means. 
If  we  take  a  glass  bulb  provided  with  a  long  capillary  tube  open  at  its 
extremity  (Fig,  279)  and  filled  with  the  gas,  the  expansion  of  which  we 


— Eipwukm  of  liquid!  b; 


desire  to  prove,  and  which  is  separated  from  the  outer  air  by  an  index 
of  mercury;  immediately  that  the  bulb  is  slightly  warmed,  by  the 
contact  of  the  hands  for  example,  the  interior  gas  also  becomes  warm, 
expands,  and  drives  the  index  from  the  reservoir.  When  the  gas  has 
cooled,  its  volume  diminishes,  and  the  index  again  assumes  its  original 
position.  By  using  a  doubly  bent  tube  (Fig.  280)  containing  some  liquid 
at  the  lower  curve,  the  expansion  is  seen  by  the  rising  from  a  to  i  of 
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the  liquid  in  the  arm  most  distant  from  the  bulb,  whilst  the  level 
desceuds  in  the  other. 

Let  us  confine  ourselves  for  the  present  U>  the  phenomenon  which, 
with  but  two  or  three  exceptions,  some  apparent  and  others  real,  is 
frcneral :  solids,  liquids,  and  gases  are  expanded  when  their  temperature 
rises  and  arc  contracted  when  it  falls.  A  given  and  invariable  quantity 
of  matter  of  a  certain  substfince  corresponds  in  a  particular  thermic 
condition  to  a  determined 
volume  of  the  substance; 
lience  it  follows  that  varia- 
tions of  temperature  can 
be  measured  by  variations 
of  vohime  or  expansion. 
Suppose  that  we  take  a 
solid,  liquid,  or  gaseous 
body,  and  so  arrange  that 
the  quantity  of  matter  of 
which  it  is  composed  re- 
mains invariable,  or,  if  we 
like,  that  its  weight  remains 
always  the  same ;  and  that 
we  endeavour,  when  it  is 
heated  or  cooled,  to  mea- 
^  sure  either  its  volume  orthe 
variations  of  its  volume, 
»       "-  _.■__.  Now,  these  variations  will 

*"^^^s^toS^^^---  =  -  "^^  _^^  serve  as   measures  of  the 

heating  and  cooling  of  the 
body,  so  that  whenever  it 
possesses  the  same  volume,  we  shall  be  certain  that  it  is  in  the  same 
thermic  condition ;  in  a  word,  that  it  is  at  the  same  temperature. 

The  temperature  of  a  body  is,  therefore,  a  particular  state  corre- 
sponding to  a  determined  volume  of  this  body.  It  is  said  that  the 
temperature  rises  when  the  body  gets  warmer,  and  consequently,  with 
the  exception  of  which  we  shall  presently  speak,  when  it  is  expanded ; 
its  temperature,  on  the  contrary,  falls  if  the  body  is  cooled,  and  there- 
fore diminishes  in  volume. 

All  instruments  which  indicate  and  measure  the  variations  of  their 


CHAP.  I.] 


THERMOMETERS. 


421 


n 


own  temperature,  and,  with  more  or  less  precision,  those  of  the  media  in 
which  they  are  plunged,  are  called  thermometers.  Contrivances  of  this 
kind  are  numerous,  and  we  shall  learn  as  we  proceed  that  the  con- 
struction of  some  of  them  is  based  on  other  principles  than  those  of  the 
expansion  and  contraction  of  bodies ;  but  the  indications  which  they 
give  all  relate  to  those  of  a  thermometer  which  it  is  convenient  to  take 
as  a  standard  or  type  for  all  others.  We  speak  of  the  mercurial  ther- 
mometer, which  we  shall  describe  first. 

The  mercurial  thermometer  consists  of  a  glass  tube  of  very  small 
diameter,  which  is  closed  at  one  end  and  terminated 
at  the  other  by  a  spherical  or  cylindrical  reservoir 
(Fig.  281).  The  reservoir,  and  a  portion  of  the  tube 
enclosing  some  perfectly  pure  mercury,  together 
with  the  rest  of  the  tube,  are  entirely  void  of  air 
and  every  other  gas.  As  the  interior  capacity  of 
the  tube  is  only  a  very  small  fraction  of  the  capacity 
of  the  reservoir,  the  le.ast  variation  of  volume  in  the 
latter  is  made  apparent  by  a  considerable  change  in 
the  height  of  the  mercury  in  the  tube.  In  order  to 
measure  these  variations,  it  is  convenient  to  mark 
on  the  tube  of  the  thermometer  two  points  wliich 
correspond  to  two  different  temperatures,  both  fixed 
and  invariable,  and  to  divide  into  a  certain  number 
of  equal  parts  the  total  increase  of  volume  that 
the  mercury  is  subjected  to  on  passing  from  the 
lowest  of  these  temperatures  to  the  highest.  As 
experiment  has  shown  that  ice  always  melts  at  the 
same  temperature,  and  that  the  temperature  of  the 
steam  of  boiling  water  is  likewise  constant  when 
the  barometric  pressure  is  at  760  mm.  or  30  inches,  these  two  fixed 
temperatures  are  the  most  convenient  to  use  as  fixed  points  for  the 
graduation  of  the  mercurial  thermometer.  The  following  is  the 
method  by  which  this  graduation  is  effected : — 

The  reservoir  and  part  of  the  tube  are  plunged  into  a  vessel  filled 
with  pounded  ice,  and  pierced  with  holes  at  the  bottom,  so  that  the 
water,  which  might  acquire  a  higher  temperature  than  that  of  the 
melting  ice,  can  freely  escape  (Fig.  282).  The  level  of  the  mercury 
having  become  stationary,  a  line  is  marked  on  the  stem  :  this  point  is 
the  zero  of  the  graduation. 


• 


Fio.  281.~Kesen'oirand 
tube  of  the  mercurial 
tbennometer. 
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The  thermometer  is  then  placed  in  the  position  indicated  in 
Fig.  283,  that  is  to  say,  in  a  bath  where  it  is  completely  surrounded 
by  the  steam  of  boiling  water.  The  bath  consists  of  a  double 
case  of  iron  plates,  wherein  the  steam  circulates  before  escaping 
into  the  air,  so  that  the  temperature  of  the  internal  space  ia  not 
modified  by  the  exterior  cold.  Here  again,  when  the  mercury  becomes 
stationary,  a  second  line  is  marked  on  the  stem.  At  this  point 
(Fig.  283)  the  number  100  is  marked, 
if,  as  we  have  said,  the  barometric  pres- 
sure is  at  this  moment  at  760  mm.,* 
which  the  manometer  with  bent  limbs 
(seen  to  the  left  of  the  instrument) 
indicates. 

If  the  interior  of  the  tube  is  per- 
fectly cylindrical,  which  must  be 
ascertained  before  blowing  the  bulb 
of  the  thermometer,  it  is  evident  that, 
if  we  divide  the  interval  which  sepa- 
rates the  zero  of  the  melting  ice  from 
the  point  100,  corresponding  to  the 
futronlV  i^^'™""""'*'  ■  '';<"i*"t""  "f  temperature  of  boiling  watei',  into  100 
equal  parts,  each  of  these  will  indicate 
equal  capacities,  and,  when  the  level  of  the  mercury  traverses  them 
successively,  equal  dilatations  of  the  liquid.  These  divisions,  which  are 
called  degrees,  form  the  scale  of  tempei-a'ures,  which  can  he  extended 
below  0°  and  above  100°,  for  the  measure  of  temperatures  lower  than 
that  of  melting  ice,  or  higher  than  that  of  boiling  water.  The  divisions 
are  sometimes  engraved  on  the  tube,  sometimes  on  a  lateral  tube 
fastened  to  the  thermometer  tube,  and  sometimes  again  are  marked 
on  the  frame  to  which  the  instrument  is  fixed  (Fig.  284). 

The  Centigrade  scale  is  not  the  only  one  which  has  been  adopted 
for  tlie  gi-aduatiou  of  thermometers;   but  it  ia  the  most  generally 

'  If  the  barometric  pressure  is  not  760  iiiilliraetres  at  the  time  of  the  experi- 
meiita,  the  level  of  the  mercury  will  no  lonjjer  indicate  the  fixed  point  where  lixr 
ought  to  be  marked.  It  Irna  been  deterniiued  that  the  diBerence  is  a  degree  cenli- 
)fpAe  (that  is  the  hundredth  part  of  the  diliitation  between  the  point  of  fiwion  of 
the  ice  and  that  of  boiling  water)  for  a  pressure  which  differs  27  milltiuetre«,  wore 
or  less,  from  7(!0,  so  that  101°  must  be  marked  if  the  pressure  is  7Hr  millimetl'es, 
and  99'  if,  on  the  other  hand,  it  ia  only  7.')3  millimetres.  Between  thetie  limits  a 
proporlional  correction  is  made  for  the  excess  or  diminution  of  pressure. 
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adopted,  and  the  only  one  which  is  used  at  the  present  day  in  Franca 
aud  in  a  great  many  other  countries.  Its  invention  is  attributed  to  a 
Swedish  savant,  Andru  Celsius,  who  lived  in  the  eightecut)i  century. 


Tlie  scale  of  EtWrnur  divides  the  intervals  between  the  two  same 
fixed  points,  melting  ice  and  boiling  water,  into  eighty  degrees.  A  veiy 
easy  calculation  converts  centigrade  dogrecs  into  EiSauninr's  degrees;  it 
is  sufficient  to  add  to  the  first  number  its  (juarter:  thus  28°  K.  equals 
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28°  +  7*  or  35°  C.  If  you  take  a  fifth  from  a  centigrade  temperature, 
you  have  the  same  temperature  ezpresBed  in  B^nmar  degrees :  thus, 
35°  C.  =  35°  —  T  or  28°  R. ;  32"  C.  =  25-6°  R  In  Fahrenheit's  scale, 
which  is  used  in  Germany,  England,  and  the  United  States,  one  of  the 
fixed  points  is  that  of  boiling  water,  as  in  the  preceding  scales  ;  but 
tlie  other  corresponds  to  a  lower  temperature  than  that  of  melting 
ice,  viz.  that  of  a  mixture  of  ice  and  salt.  The  zero  is  therefore 
very  low.  Fahrenheit  has  marked  the  boiling  point  at  212°.  As  it 
has  been  found  tliat  the  temperature  of  melting  ice  corresponds  to  the 
32nd  degree  of  this  scale,  it  follows  that  the  hundred 
degrees  of  the  centigrade  scale  are  equivalent  to 
180  degrees  Fahrenheit :  hence  the  conversion  of  any 
number  of  degrees  from  one  of  these  scales  to  the 
other  becomes  easy.  If  we  wish  to  know,  for  ex- 
ample, what  is  the  equivalent  of  120  degrees  Fahren- 
heit in  centigrade  degrees,  we  begin  by  deducting  32, 
which  gives  88,  of  which  the  \  is  taken,  the  resultant 
being  4666° C.  On  tlie  other  hand,  having  the  tempe- 
rature 45°  C.  to  convert  into  divisions  of  Fahrenheit's 
scale,  the  5  are  taken,  which  gives  81°  F.  above  melt- 
ing ice ;  tliis  is  marked  32°,  as  we  have  before  seen: 
81°  -f  S'J"  or  113°  F.  thus  becomes  the  result  of  the 


Delisle's  scale  is  also  used,  principally  in  Russia: 
the  boiling  point  is  marked  0°,  and  the  melting  point 
of  ice  150°.     Nothing  is   more  simple  than  to  con- 
vert a  temperature  marked  on  this  scale  into  any  of 
!i!™"""'^^^i*d    the  three  others. 

"*""■  Care  must  be  taken,  whea  a  temperature  is  stated, 

accordin"  to  one  or  other  of  the  giaduations,  to  indicate  whether  it  is 
higher  or  lower  than  that  marked  by  zero.  Physicists  do  this  by 
considering  temperatures  higher  than  0°  as  positive,  and  placing  the 
sign  +  before  them,  and  temperatures  lower  than  0°  as  negative, 
distinguished  by  the  sign  — .  These  conventionalities  ouce  adopted, 
similar  rules  to  those  of  the  positive  and  negative  algebraic  quantities 
apply  for  operations  effected  on  numbers  expressing  temperatures, 
where  they  are  combined  by  means  of  addition  and  subtraction. 
But  it  is  necessary  to  give  to  each  of  these  numbers  its  true  mean- 
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ing,  and  to  abstaio  from  attributiDg  to 
it  an  al>3olute  value  which  it  does  not 
possess.  Thus  we  can  only  say,  that 
a  temperature  is  double  or  tiiple  of 
another,  or  at  least,  if  we  nse  these  ex- 
pressions, nothing  must  be  inferred  as 
to  the  quantities  of  heat  which  corre- 
spond to  them.  This  simply  signifies 
that  the  expansion  of  the  mercury 
above  the  fixed  starting  point,  or  zero, 
is  in  this  case  double  or  triple  of  the 
total  expansion  corresponding  to  the 
second  elevation  of  temperature.  In  a 
word,  we  must  not  forget  that  the  unit 
of  temperature — for  instance,  the  centi- 
grade degree  in  the  centesimal  scale — 
represents  an  expansiou  of  the  mercury 
contained  in  the  reservoir  of  a  thermo- 
meter, equal  to  the  hundredth  part  of 
the  total  dilatation  which  the  same 
liquid  would  nndei^o,  on  passing  from 
the  temperature  of  melting  ice  to  that 
of  boiling  water. 

The  thermometer  which  we  have 
Just  described  is  based  on  the  expan- 
sion of  mercury,  that  is  to  say,  of  a 
liquid  contained  in  a  glass  envelope. 
But  when,  by  a  variation  of  tempera- 
ture, the  volume  of  the  liquid  changes, 
the  capacity  of  the  envelope  changes 
also.  If  these  expansions  or  contrac- 
tions of  the  mercury  and  the  glass 
were  equal,  as  they  are  made  in  the 
same  direction,  the  level  would  not 
vary,  and  therefore  it  would  give  no 
indication.  In  reality,  mercury  expands 
seven  or  eight  times  more  than  glass, 
and    this   fact  renders   the   mercurial 
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thermometer  possible.  But  from  this  we  learn  that  it  is  not  the 
expansion  of  the  mercury  which  causes  the  level  to  vary,  but  the 
difference  between  the  expansions  of  the  liquid  and  that  of  the  enve- 
lope ;  in  a  word,  it  is  the  apparent  dilatation  of  the  mercury,  not  its 
absolute  dilatation.  But  it  is  no  less  evident  that  the  different  ther- 
mometers, constructed  and  graduated  as  we  have  just  stated,  must 
always  be  comparable  between  themselves,  whatever  the  dimensions 
of  the  tubes  and  reservoirs,  and  the  quantity  of  mercury  in  each  of 
them.  Only,  as  different  kinds  of  glass  are  not  equally  expansible, 
especially  at  high  temperatures,  in  order  that  there  should  be 
correspondence  between  the  indications  of  the  instilments  submitted 
to  the  same  conditions,  it  is  necessary  that  they  be  made  of  glass 
having  the  same  composition. 

The  sensibility  of  a  mercurial  thermometer,  that  is  to  say,  the 
rapidity  with  which  it  assumes  the  temperature  of  the  surrounding 
medium,  is  greater  as  the  mass  of  mercury  in  the  reservoir  is  less,  and 
as  the  surface  of  the  envelope  is  greater.  In  order  to  fulfil  this  second 
condition  in  the  best  manner,  the  cylindrical  or  even  spiral  form  is 
given  to  the  reservoir,  as  it  is  preferable  to  a  spherical  bulb.  This 
kind  of  sensibility  is  especially  desirable,  for  ciscertaining  variations 
of  tempei-ature  which  quickly  succeed  each  other.  There  is  another 
kind  of  sensibility  no  less  useful  than  the  first:  it  is  that  w4iich 
allows  very  slight  variations  of  the  level,  corresponding  to  very  slight 
variations  in  the  temperature,  to  be  manifested,  so  as  to  allow  the 
indication  of  the  smallest  fraction  of  a  degree.  This  quality  is  obtained 
by  giving  larger  capacity  to  the  reservoir,  and  small  diameter  to 
the  tube,  so  that  for  the  expansion  indicated  by  one  degree  the 
level  varies  considerably.  Mr.  Walferdin  has  constinicted  thermo- 
meters, to  which  he  gives  the  name  of  metastatic,  in  which  the 
hundredth  part  of  a  degree  can  be  detected :  whenever  these  instni- 
nients  are  used,  it  is  necessary,  on  adding  or  taking  away  from  the 
mercury,  to  regulate  their  course  for  the  variations  of  temperature  to 
be  ascertained.  The  mercurial  thermometer  cannot  be  employed  for 
temperatures  higher  than  360°  above  zero,  because  at  this  point 
the  liquid  boils  and  would  break  the  tube.  In  like  manner  below 
—  Zo"  or  —  36°,  the  mercury  is  near  the  temperature  at  which  it 
solidifies,  and  then  contracts  irregularly,  and  would  thus  furnish 
inexact  indications.     Beyond  one  or  other  of  these  limits,  thermo- 


CH^P.  I.] 


THERMOMETERS. 


427 


meters  of   a  different  kind,   which  we  will  hastily   describe,  are 
employed. 

Let  us  commence  with  the  alcohol  thermometer,  which  is  used  to 
measure  very  low  temperatures.  This  instrument  does  not  differ  in 
form  from  the  mercurial  thermometer ;  but  it  is  graduated  by  com- 
parison with  a  standard  thermometer  of  the  first  kind,  that  is  to  say,  the 
two  tubes  are  plunged  simultaneously  into  baths,  the  temperature  of 
which  is  made  to  vary.  The  points  at  which  the  level  of  the  alcohol  be- 
comes stationary  are  marked  for  each  temperature  which  is  determined 
from  the  mercurial  thermometer,  and  the  intervals  are  divided  into  as 
many  equal  parts  as  there  are  degrees  from  one  to  the  other.  But, 
even  with  these  precautions,  it  is  seldom  that  alcohol  thermo- 
meters agree  between  themselves,  or  with 
the  standard  thermometer,  which  is  explained 
by  the  irregularity  of  the  expansion  of  this 
liquid  at  different  temperatures.  For  lower 
temperatures  tlian  that  of  melting  ice,  it 
would  be  preferable  to  use  thermometers 
filled  with  common  ether,  as  this  dilates  with 
much  greater  regularity  than  alcohol. 

Thermometers  are  also  constructed  of  gas, 
based  for  example  on  the  expansion  of  air. 
Fig.  286  represents  two  of  these  instruments, 
the  first  that  were  invented  for  the  measure- 
ment of  variations  of  temperature.  Galileo 
invented  the  first :  it  consists  of  a  tube  and 
reservoir,  enclosing  a  small  liquid  column  or 
index,  a,  wliich  separates  the  air  of  the  reservoir  from  the  outer  air ;  as 
the  temperature  increases,  the  air  contained  in  the  bulb  of  the  thermo- 
meter is  warmed,  dilates,  and  forces  the  index  towards  the  open  end  of 
the  tube.  The  other  instrument  is  also  formed  of  a  tube  and  reservoir 
similar  to  the  first,  but  its  open  end  is  immersed  in  a  liquid  contained 
in  an  open  vessel ;  by  cooling,  the  air  decreases  in  volume,  and  its 
elasticity  becomes  less,  so  that  the  liquid,  which  is  always  submitted 
to  the  exterior  atmospheric  pressure,  rises  to  a  greater  or  less 
height  in  the  tube.  This  instrument,  which  was  much  in  request 
during  the  last  century,  was  invented  by  a  Dutchman  named 
Cornelius  Drebbel.     These  two  thermometers  are  now  graduated  by 
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comparison  with  a  mercurial  thermometer.  The  points  are  marked  at 
which  the  liquid  becomes  stationary  at  two  different  temperaturea, 
and  the  iutorval  is  divided  into  as  many  equal  parts  as  it  comprises 
degrees.  But  they  are  both  aUo  afTected  by  changes  of  atmospheric 
pressure,  and  are  therefore  not  capable  of  much  precision ;  their  chie{ 
value  consists  in  the  rapidity  of  their  indications. 

Leslie  and  Rumford  invented  two  thermometers  baaed  on  the 
expansion  of  air,  but  not  possessing  the  same  inconveniences  as 
the  preceding;  in  otlier  words,  they  are  uninfluenced  by  pressure. 
They  both  consist  of  a  tube,  bent  twice  at  a  right  angle,  and   ter- 
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niinated  at  each  (Extremity  by  a  bulb  or  reservoir.  In  Leslie's  ther- 
mometer (Fig.  287)  tie  tube  encloses  a  column  of  sulphuric  scid 
coloui-ed  red ;  the  level  is  the  same  in  each  limb,  when  the  tem- 
perature of  tlie  two  bulbs  is  equal ;  this  common  level  is  marked 
0.  If  now  one  only  of  the  reservoirs  is  wanned,  the  air  which  it 
contatus,  in  expanding,  presses  ngainst  the  liquid;  the  level  of  the 
corresponding  limb  falls  to  6,  whilst  it  rises  in  the  other  to  a;  p.nd 
the  height  above  zero  ninrks  the  differences  of  temperature  of  the 
reservoirs,  if  this  iHstrnuieiit  has  been  graduated  by  comparison  wilh 
a  mercurial  thermometer. 

Rumfonl's  air  tliermomcter  difft-rs  from  the  ]>reeeding,  inasmuoli 
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88  the  liquid  column  is  replaced  by  an  index  which  occupies  the 
centre  of  the  horizontal  portion  of  the  tube,  when  there  is  equality  of 
temperature  between  the  two  reservoirs.  If  one  of  these  is  warmed 
more  than  the  other,  the  expansion  of  the  air  causes  the  index  in  the 
horizontal  part  of  the  tube  to  move  towards  the  colder  bulb,  and  the 
difference  of  the  temperature  is  measured  by  the  number  of  divisions 
which  this  index  passes  over  from  zero. 

These  two  instruments  thus  mark  diiferences  of  temperature,  and 
they  are  therefore  known  aa  differential  thermometers.  But  they  can 
also  indicate  absolute  temperatures,  if  the  graduation  has  been  efTected 
■with  this  object  in  view. 

The  expansion  of  solid  bodies  may  also  be  employed  to  measure 
temperatures.  The  instruments  which  we  have  described  above  are 
1)aHed  on    the    unequal  expansion   of  liquids,    gases,  and  of  the 
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vessels  which  contain  them ;  this  inequality,  perceptible  in  liquids, 
becomes  considerable  in  gases.  The  construction  of  the  metallic 
i^ermometers  represented  in  Figs.  289  and  290  depends  on  the 
inequality  of  expansion  of  different  solid  bodies.  Two  metallic 
plates — for  example,  one  of  copper  and  the  other  of  zinc — sol- 
dered together  lengthways,  so  as  to  form  a  straight  bar,  expand 
unequally  when  the  temperature  ia  raised ;  the  bar  then  bends,  as  in 
Fig.  288 ;  the  zinc,  which  is  the  more  expansible  of  the  two  metals^ 
forma  the  convex  side,  and  the  copper  the  concave.  When  the  bar 
has  returned  to  its  primitive  temperature,  it  assumes  its  rectilinear 
form,  to  bend  again  in  the  contrary  direction,  if  it  is  afterwards 
subjected  to  cooling. 
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The  metallic  dial  tbennometer  (Fig.  289)  is  composed  of  a  curved 
plate  of  copper  and  steel  soldered  together  ;  odc  of  the  extremities  of 
this  is  fixed,  while  the  other  is  supported  by  the  small  arm  of  a 
lever,  the  lai^e  arm  of  which,  in  the  form  of  a  toothed  sector,  works 
ia  tiie  pinion  of  an  index.  Variations  of  temperature  increase  or 
diminish  the  cnrvaturo  of  the  plate,  and  thus  cause  the  lever  and 
thence  the  index  to  move,  sometimes  iu  one  direction  and  some- 
times in  the  other.  The  dial  is  divided  into  degrees,  by  observing  the 
indications  of  a  mercurial  thermometer.  In  Breguet's  metallic  ther- 
mometer (Fig.  290)  the  plate  is  formed  of  three  ribbons  of  silver,  gold, 
and  platinum,  soldered  together  and  formed  into  a  spiral :  the  silver, 
being  the  most  expansible  of  the  three  metals,  forms  the  inner  snrfiice 
of  the  spiral     This  is  suspended  vertically,  and  its  lower  extremity 
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supports  a  horizontal  index,  which  moves  over  the  divisions  of  the 
dial  When  the  temperature  rises,  the  curvature  of  the  spiral 
diminishes  under  the  influence  of  the  greater  expansion  of  the  silver, 
and  the  needle  moves  in  one  direction:  it  moves  in  the  contnuy 
direction  if  the  temperature  falls.  As  the  bulk  of  the  spiral  is 
extremely  slight,  it  very  rapidly  acquires  equilibriimi  of  tempeiatuie 
with  the  surrounding  air,  Breguet's  thermometer  is  therefore  veiy 
sensible,  and  useful  for  noting  rapid  variations  of  temperature. 

We  can  only  allude  to  pyrometerx,  which  instruments  are  used  for 
measuring  very  high  temperatures,  such  as  those  of  blast-furnaces,  forge- 
fires,  &c. ;  some  are  based  on  the  expansion  of  solids,  others  on  the 
contraction  of  clay.     The  trials  which  have  been  made  in  order  to 
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compare  tlie  indications  of  pyrometers  with  those  of  mercurial 
thermometers  have  not  given  very  accurate  results.  When  great 
precision  is  desired,  air  pyrometers  are  used  for  measuring  high 
temperatures,  a  description  of  which  will  be  found  in  more  detail 
in  treatises  on  Physics. 

Tlie  various  thermometers  which  we  have  recently  described 
determine  the  variations  of  their  own  temperature,  by  the  different 
expansions  and  contractions  of  their  own  substance.  But  the  object 
which  is  proposed  in  constructing  them  is  to  measure  the  temperature 
of  various  media,  whether  solid,  liquid,  or  gaseous — which  in  each 
instance  requires  particular  precautions. 

If  it  is  a  question  of  the  temperature  of  the  air  or  a  gas,  or 
again  of  a  liquid,  the  thermometer  is  immersed  in  it;  and  if  the 
instrument  be  of  great  sensibility,  if  its  mass  be  very  small  in  com- 
parison with  that  of  the  medium,  the  temperature  indicated  by  the 
thermometer,  when  the  level  of  the  mercury  or  the  index  is  at  rest, 
may  be  taken  without  sensible  error  for  that  of  the  medium  itself. 
If  it  is  a  question  of  a  solid  body,  a  cavity  large  enough  to  receive  the 
reservoir  of  the  instrument  is  made,  or,  still  better,  this  cavity  is  filled 
with  mercury ;  after  a  short  time,  the  temperature  of  this  liquid  is  in 
equilibrium  with  that  of  the  body,  and  the  thermometer  is  then 
immersed.  It  is  always  necessary  that  the  mass  of  this  be  very 
small  compared  with  that  of  the  body ;  indeed,  as  there  is  exchange 
of  heat  between  them,  the  indication  no  longer  relates  to  the  original 
temperature  of  the  body,  but  to  that  which  is  established  at  the 
end  of  this  change,  and  on  the  hypothesis  that  the  mass  of  the 
instrument  is  very  large,  the  difference  would  be  considerable. 
Hence  it  is  evident,  that  this  cause  of  error  can  never  be  entirely 
avoided ;  the  eflFects  can  only  be  lessened,  in  order  that  the  result  may 
not  be  perceptibly  altered. 
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CHAPTER   II. 

MEASURE   OF  EXPANSION. 

Effects  of  variations  of  temperature  in  ds,  liquids,  and  gases. — Applications  to 
the  arts. — Rupert's  drops. — Measure  of  he  linear  expansion  of  solids. — Expansion 
of  crystals. — Contraction  of  iodide  of  silver. — Absolute  and  apparent  expansion 
of  liquids. — All  gases  expand  to  the  same  extent  between  certain  limits  of 
temperature. 

A  BODY  expands  when  its  temperature  increases :  this  is  the 
-^^  universal  fact  which  we  have  stated,  and  which  is  employed 
to  measure  changes  of  temperature.  But  to  what  extent  does  the 
volume  increase,  and  by  what  fraction  of  the  primitive  volume 
is  it  increased  for  one  degree  of  the  centigrade  thermometer? 
Does  this  fraction  vary  in  different  substances,  and  does  it  remain 
the  same  at  every  temperature?  Such  are  the  questions  which 
naturally  present  themselves  to  physicists  when  they  have  deter- 
mined by  observation  the  eflfects  of  variation  of  temperature.  Before 
indicating  the  results  at  which  they  have  arrived,  let  us  show  by 
a  few  examples  the  practical  utility  of  the  precise  knowledge  of 
these  effects,  and  the  necessity  which  often  arises  of  correcting 
or  foreseeing  them. 

If  a  fragile  body  which  is  a  bad  conductor  of  heat  is  subjected 
to  quick  changes  of  temperature,  the  effect  produced  will  be  the 
breaking  of  the  body.  Thus,  if  a  red-hot  bar  is  placed  on  a  piece  of 
cold  glass  the  glass  cracks ;  the  same  thing  happens  with  a  piece  of 
very  hot  glass  if  it  is  suddenly  placed  in  contact  with  a  piece  of 
cold  iron.  In  the  first  instance,  sudden  expansion  is  produced  in  the 
portions  of  the  glass  touched  by  the  hot  iron,  and  the  surrounding 
portions,  which  have  not  had  time  to  become  warmed,  break  violently 
from  the  first — hence  the  rupture.     In  the  second  instance,  on  the 
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other  hand,  the  portions  first  touched  are  contracted  before  the 
other  parts  have  had  time  to  cool,  and  rupture  is  again  the  conse- 
quence of  this  sudden  molecular  movement.  We  all  know  that 
boiling  water  cannot  be  poured  into  a  cold  glass  vessel  without 
breaking  it  by  the  quick  expansion  of  the  sides  in  contact  with  the 
liquid. 

During  hot  summers  the  expansion  of  metals  used  in  buildings, 
and  their  contraction  by  cold  in  winter,  produce  effects  which  are 
the  more  apparent  when  these  metals  are  united  to  materials  whose 
expansibility  differs  from  their  own.  The  following  is  a  curious 
example,  quoted  by  Tyndall  in  his  work  on  Heat,  the  observation 
and  explanation  of  which  is  due  to  Canon  Moseley: — "The  choir 
of  Bristol  Cathedral  was  covered  with  sheet  lead,  the  length  of  the 
covering  being  sixty  feet,  and  its  depth  nineteen  feet  four  inches. 
It  had  been  laid  on  in  the  year  1851,  and  two  years  afterwards 
it  had  moved  bodily  down  for  a  distance  of  eighteen  inches.  The 
descent  had  been  continually  going  on  from  the  time  the  lead  had 
been  laid  down,  and  an  attempt  to  stop  it  by  driving  nails  into 
the  rafters  had  failed  ;  for  the  force  with  which  the  lead  descended 
was  sufl&cient  to  di-aw  out  the  nails.  The  roof  was  not  a  steep 
one,  and  the  lead  would  have  rested  on  it  for  ever,  without  sliding 
down  by  gravity.  What  then  was  the  cause  of  the  descent  ?  Simply 
this.  The  lead  was  exposed  to  the  varying  temperatures  of  day  and 
night.  During  the  day  the  heat  imparted  to  it  caused  it  to  expand. 
Had  it  lain  upon  a  horizontal  surface,  it  would  have  expanded 
all  round ;  but  as  it  lay  upon  an  inclined  surface,  it  expanded 
more  freely  downwards  than  upwards.  When,  on  the  contrary, 
the  lead  contracted  at  nigjit,  its  upper  edge  was  drawn  more  easily 
downwards  than  its  lower  edge  upwards.  Its  motion  was  therefore 
exactly  that  of  a  common  earthworm :  it  pushed  its  lower  edge 
forward  during  the  day,  and  drew  its  upper  edge  after  it  during 
the  night,  and  thus  by  degrees  it  crawled  through  a  space  of  eighteen 
inches  in  two  years." 

From  this  example  we  learn  how  important  it  is  to  note  the 
changes  of  volume  in  solids  which  are  used  in  building  or  the  arLs. 
Railway  lines  lengthen  in  summer  and  shoi-ten  in  winter;  it  is 
necessary,  therefore,  on  laying  them,  to  give  them  a  certain  play 
which  allows  the  lengthening  to  take  place  freely,  otherwise   the 
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heat  would  force  the  bolts  from  the  sleepers,  or  would  contort 
the  line.  The  damaged  line  which  occasioned  the  Fampoux  accident 
on  the  Northern  Kailway  of  France  was  apparently  caused  by  a 
contortion  of  this  nature,  as  the  ends  of  the  rails  had  not  a  sufhcient 
interval  between  them. 

Stones  held  tt^etlier  by  iron  clamps  are  often  broken,  either  by 
the  expausion  or  contraction  of  the  metals,  both  being  greater  than 
that  of  the  stone.  The  force  with  which  the  molecules  of  bodies 
are  sometimes  separated  and  sometimes  drawn  together,  one  against 
the  otlier,  by  change  of  temperature,  is  enormous.  A  bar  of  iron  a 
metre  (393  inches)  loug  expands  lengthways  117in.,  when  its  tem- 
perature is  ruiswl  from  U"  to  100° ;  it  conti-acts  to  the  same  amount  in 
passing  from  100°  to  0°.  Now,  it  has  been  calciUat«d  that  in  order 
to  overcome  this  molecular 
movement,  a  force  equal  to 
the  pressure  of  2,450  kilo- 
grammes must  be  employed, 
if  the  section  of  a  bar  of  iron 
is  a  square  centimetre,  and 
245,000  kilogrammes  if  the 
section  is  a  square  deci- 
metre. This  force  has  been 
employed  for  the  holding 
together  of  the  lateral  walls 
of  a  g«llery  in  the  Con- 
ser\'atoire  des  Arts  et  Mii- 


the  roof  bad  driven  out  of 
the  verticaL  Two  bars  of  iron  were  placed  so  as  to  cross  the  two  walls 
at  the  upper  part ;  they  were  terminated  on  the  outside  by  screws 
furnished  with  nuts.  The  whole  of  their  length  was  quickly  heated, 
which  produced  a  lengthening,  and  the  nuts  were  then  screwed  tip  close 
against  thick  pieces  of  wood  placed  on  the  outside  of  the  roof  waUs 
whilst  the  bars  were  still  hot.  On  cooling,  the  bars  contracted,  and 
by  degrees  the  force  of  contraction  drew  the  walls  nearer  together. 
By  repeating  the  same  operation  several  times  they  were  at  last 
brought  to  a  vertical  position. 

Cartwrights  utilize  the  contracting  force  of  cooling  iron  to  bind 
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together  the  spokes  of  carriage  wheels.  The  iron  tire  is  forged  in 
such  a  way  as  to  surround  the  wood,  when  it  is  heated  to  rather 
a  high  temperature;  on  cooling  it  binds  the  parts  of  the  wheel 
strongly  together. 

Dutch  tears,  or  Rupert's  drops,  are  drops  of  melted  glass  which 
have  been  suddenly  solidified  in  cold  water.  On  breaking  the  fila- 
ment of  glass  with  which  they  are  terminated,  the  whole  mass 
instantly  becomes  powder,  with  such  a  force  that  if  the  drop  has 
been  previously  plunged  into  a  flask  tilled  with  water  the  shock 
transmitted  to  the  water  is  suSicient  to  break  the  flask.  A  similar 
effect  is  produced  in  very  thick  glass  flasks  which  have  been  cooled 
suddenly  after  having  been  blown.  A  grain  of  sand  thrown  into 
the  vessel  is  sufl&cient  to  cause  the  bottom  to  fall 
out  (Tyndall).  The  cause  of  this  is  the  same  in  this 
last  example  as  in  the  Dutch  tears.  The  exterior 
of  the  glass  drops  cools  first,  imprisoning  the  in- 
terior mass,  which  has  not  yet  solidified ;  when 
this  cools  in  its  turn,  it  contracts,  and  the  effect 
of  the  contraction  being  exercised  equally  on  the 
outer  envelope,  it  remains  in  equilibrium.  But 
the  molecules   are   in  a  state  of  violent  tension, 

Fio.  292. -Dutch  team. 

and    the    least    rupture    suddenly    destroys    the 

equilibrium  in  one  point,  and  at  the  same  time  destroys  it  in  the 

whole  mass. 

Tlie  expansion  of  liquids  is  generally  greater  than  that  of  solids, 
and  the  expansion  of  gases  is  the  greatest  of  all.  We  have  seen 
how  this  is  proved ;  it  now  remains  for  us  to  show  by  what  means 
the  expansions  are  measured,  by  what  methods  the  so-called  co- 
efficient of  expansion  of  a  solid,  liquid,  or  gas  is  determined.  The 
unit  of  volume  of  the  body  being  given,  let  us  imagine  that  the 
temperature  is  raised  one  degree  centigrade ;  expansion  or  increase 
of  volume  will  of  course  result.  This  increase,  expressed  in  numbers 
referred  to  this  same  unit,  constitutes  the  co-efiicient  of  expansion 
of  the  substance  for  the  temperature  employed.  In  a  more  general 
sense,  we  may  say  that  it  is  the  fraction  of  the  primitive  volume 
added  to  the  volume  of  any  body  when  its  temperature  is  raised 
one  degree.  Thus  a  litre  or  cubic  decimetre  of  mercury  heated  from 
0**  to  l"*  becomes  a  litre  jf>/7^5  179  millionths,  or  1()00170  decimetre. 
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The  fraction  0000 179  is  the  co-efficient  of  expansion  of  mercury  at 
zero.  The  numbers  of  which  we  here  speak  vary  with  the  nature 
and  physical  condition  of  the  substances.  Moreover,  the  co-eflScient 
of  expansion  of  one  body  generally  varies  for  different  degrees  o 
the  thermornetric  scale,  even  when  its  physical  condition  does 
not  change. 

In  liquids  and  gases  the  cubic  expansion,  or  expansion  of  volume, 
is  considered  ;  but  in  solids  it  is  possible  to  determine  the  increase  of 
one  of  the  dimensions,  that  is  to  say,  the  linear  expansion,  or,  in 
the  case  of  two  dimensions,  superficial  expansion.  As  a  solid 
of  any  form  generally  expands  equally  in  every  direction,  so  as  to 
retain  its  original  form  at  all  temperatures,  the  increase  of  its  volume 
can  be  deduced  from  that  of  one  of  its  dimensions;  besides,  it  is 
proved  that  the  co-efficient  of  cubic  expansion  is  perceptibly  to 
all  intents  and  purposes  triple  of  the  co-efficient  of  linear  expansion ; 
for  this  reason,  in  the  case  of  solid  bodies,  this  last  co-efficient  is 
alone  determined. 


Fio.  293.— Meature  of  the  linear  expansion  of  a  solid,  by  thfi  method  of  Lavoisier  and  Laplaca. 


Let  us  now  consider  the  nature  of  the  method  devised  by 
Lavoisier  and  I^place  for  measuring  the  linear  expansion  of  a 
solid  bar.  The  bar  AB  is  fixed  at  A,  so  that  it  can  expand  only  at 
the  extremity  B ;  on  expanding  through  the  space  bb'  it  forces  the 
rod  OB,  which  is  fixed  and  can  revolve  on  the  point  o,  into  the 
position  ob'.  The  telescope  ll,  originally  horizontal,  moves  with 
the  rod  to  l'l,  so  that,  in  place  of  being  opposite  tlie  point  c  of 
the  vertical  scale  cc',  it  is  then  opposite  c'.  By  this  means  they 
then  substitute  for  the  difficult  measure  of  the  smaller  space  bb' 
that  of  a   space   cc',  the  ratio  of  which  to  the  space  bb',  through 
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which  the  rod  has  expanded,  U  equal  to  the  ratio  of  oc  to  OB. 
Fig.  294  shows  the  arrangement  of  the  apparatus  employed  in 
the  preceding  method.  Tlie  metallic  bar  s,  whose  e:(pansion  is  to  be 
measured,  is  immersed  in  a  trough  filled  with  water,  beneath  which 
ia  placed  a  fire  to  raise  the  tempemtiire ;  at  one  end  it  is  in  contact 
with  a  fixed  glass  roil  b',  immoveably  fixed  to  the  pillars;  at  the 
other  end  it  presses  against  the  moveable  glass  rod  B,  wliich  com- 
municates its  motion  to  the  telescope.  The  water  in  the  trough 
being  first  at  0°,  the  observers  note  the  division  of  the  scale  with 
which  the  micrometric  wire  stretched  horizontally  across  the  field 
of  the  telescope  corresponds.  Then,  after  having  replaced  the  iced 
water  by  water  raised  to  a  temperature  of  100° — tliat  is,  to  the  boiling 


point — the  division  of  the  scale  is  again  observed.  Hy  a  simple  pro- 
portion the  relation  of  the  elongation  of  the  bar  to  its  original 
length  is  determined;  in  other  words,  the  expansion  for  100°  of 
temperature. 

Operating  thus  on  solid  bars  of  different  substances  and  between 
different  limits  of  temperature,  Laplace  and  Lavoisier  determined, 
for  the  co-efficients  of  expansion  of  solids,  nuuibers  which  vary 
for  different  substances,  but  which  are  sensibly  constant  for  the 
game  substance  for  the  different  degrees  of  the  thermometric  scale, 
between  the  temperatures  0°  and  100",    The  following  are  some  of  the 


438  PHYSICAL  PHENOMENA.  [book  iv. 


results  determined  by  various  observers  either  by  the  method  just 
described  or  by  other  processes. 

Iron 0(KHK>12 

Copper 0000017 

Tin 0*000022 

Lead 0*000029 

Zinc 0^)00032 

Silver 0000019 

Clold 0-000015 

Platinum 0-000009 

Steel 0-000011 

Aluminium 0*000022 

Bronze 0000019 

Wood  Charcoal 0-000011 

Granite 0*000009 

White  marble       0*000008 

Building?  stone 0*000009 

Glass .  0*000008 

Ice 0*000053 

The  preceding  co-efl5cients  of  expansion  apply  only  to  the  speci- 
mens which  were  used  to  determine  them;  according  to  some 
observers,  the  same  substances  are  found  to  possess  totally  dif- 
ferent co-efficients,  dependent  on  the  particular  molecular  conditions 
in  which  the  substances  used  by  each  of  them  exist  Thus,  wrought 
iron,  iron  wire,  and  cast  iron  have  not  the  same  co-efficient  of  ex- 
pansion ;  and  a  similar  remark  applies  to  other  metals.  Solid  bodies 
which  have  not  a  homogeneous  structure  in  every  direction  expand 
unequally  in  different  directions.  Thus  the  expansion  of  dried  wood 
is  not  the  same  in  the  direction  of  the  fibres  and  peri^endicular 
to  their  direction.  All  doubly-refracting  crystals  have  unequal 
co-efficients  of  expansion  in  different  directions.  According  to 
Mitscherlich  and  Fizeau,  there  are  even  some  which,  when  they  in- 
crease in  length  by  heat  in  one  direction,  contract  in  another.  Such 
is  carbonate  of  lime  or  Iceland  spar :  for  while,  on  raising  the 
temi)erature  one  degree,  this  crystal  expands  29  millionths  in  the 
direction  of  the  optical  axis,  it  contracts  perpendicularly  to  the 
axis,  and  this  contraction  amounts  to  nearly  6  milliontlis.  A  similar 
phenomenon  is  observ^ed  in  the  emerald  and  in  ortliic  feldspar. 
The  differences  of  crystalline  stnicture  in  different  directions, 
which  we  have  seen  indicated  in  those  substances  by  the  curious 
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effects  of  double  refraction,  are  here  shown  under  another  fomi 
which  is  no  less  interesting. 

Moreover,  as  we  have  just  stated,  these  anomalies  are  not  real 
exceptions  to  the  law  of  expansion  of  solids  by  heat,  because  wlien 
the  whole  expansion  is  considered  there  is  increase  of  volume. 
This  is  not  the  case  however  with  iodide  of  silver.  From  some 
very  interesting  researches  by  M.  Fizeau  on  this  substance,  it 
appears  that  it  undergoes  a  real  contraction  in  proportion  as  it 
increases  in  temperature  between  rather  extensive  limits,  as  they 
embrace  80  degrees  of  the  thermometric  scale;  and  further,  that 
the  co-efficient  of  contraction — which  physicists  call  the  negative 
co-efficient  of  expansion — becomes  greater  as  the  temperature  in- 
creases. 

For  some  time  it  was  believed  that  ice  or  solidified  water  was 
contracted  by  an  elevation  of  temperature,  thus  forming  an  ex- 
ception to  the  general  phenomena  of  expansion  of  solids :  this  how- 
ever is  not  the  case,  and  Brunner  found  that  its  density  increased 
with  the  fall  of  temperature.  The  co-efficient  of  expansion  of  ice, 
as  we  have  seen  in  the  table  at  page  438,  rises  as  high  as  53  ten- 
iiiillionths,  higher,  in  fact,  than  that  of  zinc,  the  most  expansible 
of  all  metals.  Wood,  and  the  greater  number  of  organic  substances, 
diminish  in  volume  when  they  are  warmed,  if  they  are  not  com- 
pletely desiccated;  but  this  is  only  an  apparent  exception.  Heat 
induces  evaporation  of  the  water  which  these  bodies  contain,  and 
in  diminishing  in  volume  they  also  lose  in  weight;  besides,  on 
returning  to  their  original  temperature  by  cooling,  they  do  not  re- 
sume their  primitive  volume.  Clay,  although  completely  dried,  also 
contracts  when  it  is  submitted  to  an  incvea.sing  temperature,  and  it 
is  on  account  of  this  property  that  clay  pyrometers  have  been 
constructed ;  these  instruments  indicate  the  temperature  of  large 
kilns :  but  it  has  been  proved  that  the  contraction  is  owing  to  the 
commencement  of  vitrification  or  chemical  combination  of  the  ele- 
ments of  the  clay ;  besides  which,  on  cooling,  it  no  longer  assumes 
the  former  volume. 

The  expansion  of  liquids  is  greater  than  that  of  solids.  We 
have  already  seen  that  the  construction  of  ordinary  thermometers 
is  ba.sed  on  the  difference  of  the  expansion  of  glass  and  mercury. 
As  the   liquids,  the   expansion  of    which   we    desire    to    measure, 
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are  necessarily  enclosed  in  solid  vessels  or  envelopes,  which  them- 
selves chan<^e  in  volume  when  the  temperature  is  changed,  it 
follows  tliat  we  must  distinguish  between  absolute  expansion, 
that  is  to  say,  the  real  increase  of  volume  of  the  liquid,  and 
apparent  expansion,  as  it  is  observed  by  the  aid  of  a  tl^ermometiic 
tube  divided  into  parts  of  equal  capacity.  The  absolute  expansion 
of  a  liquid  is  evidently  equal  to  its  apparent  expansion,  plus  the 
expansion  of  the  envelope. 

The  following  is  the  process  employed  for  the  measurement  of 
the  absolute  or  real  expansion  of  liquids.  The  absolute  expansion 
of  mercury  was  first  determined  by  a  process  which  we  cannot  here 
describe;  then,  on  subtracting  from  the  number  found  the  apparent 
expansion  of  the  same  liquid,  the  expansion  of  the  glass  was 
obtained.  This  being  once  known,  the  expansion  of  any  liquid 
can  be  deduced  from  it  by  a  reverse  operation,  that  is  to  say,  by 
first  measuring  the  apparent  expansion  and  adding  to  it  the 
expansion  of  the  glass  or  envelope. 

Results  have  shown  that  liquids  not  only  expand  more  than 
solids,  but  again  that  these  co-efficients  of  expansion — ^this  refers  to 
cubic  expansion — are  not  constant.     Let  us  take  some  examples. 

M.  Kegnault,  by  perfecting  the  method  invented  by  Dulong 
and  Petit,  has  obtained  the  following  numbers,  which  represent 
the  co-efficient  of  absolute  expansion  of  mercury,  for  an  elevation 
of  one  degree  centigrade : — 

Co-«fncients  of  enhic 
f  xpansion  of  nierrory. 

Mean  between  0*  and  100* 0-00018170 

at    100* 0-00018305 

at    200' 000018909 

at    300* 000019413 

at    350* 0-0001966(1 

We  perceive  that  the  co-efficient  increases  with  the  temperature, 
but  between  0°  and  100°  it  is  sensibly  constant,  and  then  equal 
to  -^jy^ ;  while  at  0°  it  is  y ^Vy-  Such  is  the  fraction  by  which 
any  volume  of  mercury  expands  at  the  temperature  indicated. 

Water  and  alcohol  expand  more  than  mercury  between  O""  and 
the  temperatures  100°  and  80°,  which  are  their  boiling  points. 
Moreover,  the  first  of  these  liquids  offers  an  anomaly  which  deserves 
attention.     Between  the  temperature  of  melting  ice  and  4°,  water, 
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instead  of  expanding,  diminishes  in  volume ;  at  this  temperature 
it  attains  its  maximum  density.  Heated  above  4°  it  continues 
to  expand  till  it  reaches  100^*0.  M.  Despretz,  who  has  made 
a  complete  study  of  the  expansion  of  water  and  its  contraction 
near  0°,  has  given  the  following  volumes  and  densities  of  water 
at  different  temperatures: — 

Temperatures.  Volumen.  Densities. 

0' 1-0001269 0-999873 

1' 1-0000730 0-999927 

2* 1-0000331 0-999966 

3* 1-0000083 0-999999 

4* 1-0000000 1-000000 


5* 

6' 

>«• 

i 

8' 
100" 


10000082 0-999999 

l-00()0:}()9 0-999969 

1-00<K)708 0-999929 

1-0001216 0-999878 

1-0431500 0-958634 


Tlie  contraction  of  water  heated  from  0°  to  4**  can  be  proved  very 
simply.  A  cylinder  of  glass,  full  of  water  at  a  temperature  above 
4"*  C,  is  surrounded,  midway  between  the 
top  and  bottom,  by  a  tray  containing  ice. 
The  upper  stratum  of  water  gradually  and 
continuously  cools,  and  the  thermometer 
which  is  immersed  in  it  falls  from  4°  to  0°, 
whilst  the  lower  thermometer,  after  having 
fallen  to  4°,  remains  stationary.  This  ex- 
periment proves  that  the  upper  stratum  on 
cooling  to  4^  becoming  heavier  than  the 
lower  ones,  falls  to  the  bottom  of  the  glass 
vessel,  and  is  replaced  by  those,  which  are 
in  turn  cooled  down  by  the  ice.  But  when  the  temperature  is  lower 
than  4°,  the  water  remains  at  the  upper  part,  as  the  indications  of  the 
two  thermometers  prove. 

Gases  expand  much  more  than  solids  and  liquids  under  the  action 
of  heat :  a  thin  glass  sphere,  or  a  balloon  of  gold-beater's  skin  filled 
with  air,  or  any  other  gas,  bursts  when  it  is  slightly  heated.  As, 
according  to  Mariotte*s  law,  the  volume  of  a  gas  is  changed  by 
pressure,  it  is  necessary,  in  order  that  its  co-efficient  of  expansion 
may  possess  a  definite  value,  that  care  be  taken  to  indicate  to  what 
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pressure  it  has  been  submitted.  These  co-efficients  are  ordinarily 
taken  at  an  atmospheric  pressure  of  760  mm.  Gay-Lussac  determined 
a  great  number  for  temperatures  comprised  between  0"*  and  100°,  and 
arrived  at  the  remarkable  result,  that  the  co-efficient  of  expansion 
is  the  same  for  all  gases,  simple,  mixed,  or  combined.  According 
to  this  illustrious  physicist,  a  volume  of  gas,  on  being  heated 
1"*  C,  increases  the  267th  part  of  its  volume :  a  cubic  decimetre 
of  air,  passing  from  0°  to  100°,  therefore  expands  375  cubic  centi- 
metres, that  is,  more  than  a  third  of  its  volume  at  0°.  The  number 
which  we  have  just  mentioned  is  a  little  too  high,  as  the  beautiful 
researches  of  M.  Kegnault  have  proved ;  and  he  has  at  the  same  time 
shown  that  Gay-Lussac*s  law  is  not  absolute.  Air,  nitrogen,  hydrogen, 
carbonic  oxide  have  nearly  the  same  co-efficient  of  expansion, 
which  is  000366,  which  is  equal  to  the  fraction  ^ y.  But  those  of 
other  gases  are  different :   thus,  in  the  case  of  cyanogen,  it  is  equal  to 

000388,  or  to  the  fraction  ^-^.  Moreover,  the  less  the  pressure  to 
which  the  different  gases  are  submitted,  the  more  do  their  cx)- 
efficients  of  expansion  approach  equality ;  thus  verifying  Gay- 
Lussac's  law. 

We  shall  see  hereafter  that  the  expansion  of  air  and  gases  by  heat 
explains  many  meteorological  phenomena.  It  is  also  the  principle 
of  numerous  applications,  among  which  we  may  quote  air  balloons, 
hot-air  stoves,  and  hot-air  engines. 
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EFFECTS  OF  VARIATIONS   OF  TEMPERATURE:     CHANGES   IN 

TUE  STATE   OF  BODIES. 

The  passage  of  bodies  from  a  solid  to  a  liquid  stiite  :  fusion. — Return  of  liquids  to 
the  solid  state  :  solidification  or  congelation. — Equality  of  the  temperatures  of 
fusion  and  solidification. — Passage  of  liquids  into  gases :  difference  between 
evaporation  and  vaporization. — Phenomenon  of  ebullition :  fixed  temperature 
of  the  boiling  point  of  a  liquid  under  a  given  pressure. — Return  of  vapours 
and  gases  into  a  liquid  condition :  liquefaction  and  congelation  of  carbonic 
acid  and  several  other  gases. — A  permanent  gas  defined. 

TTTE  all  know  that  a  mass  of  water  which  is  liquid  at  certain 
^'  temperatures  is  capable  of  passing  into  the  solid  state  when 
its  temperature  falls  below  a  certain  limit ;  in  a  word,  it  becomes  a 
piece  of  ice  without  changing  its  nature,  that  is  to  say,  without 
ceasing  to  be  formed  of  the  same  chemical  elements.  On  returning 
to  its  original  temperature,  it  again  resumes  the  liquid  condition ; 
and  if  it  is  then  heated  to  100"*,  under  an  atmospheric  pressure  of 
760  mm.,  it  is  converted  into  vapour.  Tlie  greater  number  of  liquids 
are  like  water  in  this  respect,  and  can  exist  in  either  the  solid, 
liquid,  or  gaseous  condition. 

Bodies  which  are  solid  at  ordinary  temperatures,  metals  for 
example,  change  their  condition  when  they  are  submitted  to  a 
sufficiently  intense  heat;  they  are  then  liquefied,  and  sometimes 
vaporized.  Cooling  produces  opposite  phenomena,  and  causes  a  gas 
to  pass  into  a  liquid,  and  then  into  a  solid. 

These  various  changes  of  condition  are  effected  under  circum- 
stances which  vary  with  the  nature  of  the  substance,  but  which 
nevertheless  conform  to  certain  common  laws,  which  we  shall  now 
discuss.     First,  however,  let  us  enumerate  the  changes  of  condition 
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in  solids,  liquids,  and  gases,  which  can  be  produced  under  the 
influence  of  variations  of  temperature. 

An  increase  of  temperature  produces,  in  solids,  a  change  to  a 
liquid  state,  which  is  called  ficsicm ;  in  liquids,  it  gives  rise  to  a 
gaseous  state,  or  vajjorization :  we  shall  see,  further  on,  the  distinction 
which  must  be  made  between  vaporization  and  evaporation,  which 
also  designates  the  change  of  a  liquid  into  gas,  or  into  vapour. 

Cooling  causes  gases  to  become  liquids :  this  is  liquefaction  ;  and 
in  liquids,  a  return  to  the  solid  state,  which  is  sometimes  called  solidi- 
fication, and  sometimes  congelation  or  freezing. 

The  fusion  of  different  solid  bodies  takes  place  at  various  tempera- 
tures, which  differ  from  each  other  considerably.  Thus,  whilst  ice 
melts  at  0°,  sulphur  at  125°,  and  lead  at  322°,  a  temperature  of  1,500' 
is  necessary  to  melt  iron,  and  nearly  2,000°  to  melt  platinum.  But 
all  solids  have  this  common  property,  tliat  the  temperature  of  fusion 
is  definite  for  each  of  them ;  moreover,  during  the  time  that  the 
change  from  the  solid  to  the  liquid  condition  is  taking  place,  the 
temperature  of  the  mass  remains  the  same,  whatever  may  be  the 
intensity  of  the  heat  whicli  produces  the  fusion.  We  may  remember 
that  it  is  this  property  which  has  been  utilized  in  determining  a 
fixed  point  of  the  thermometer.  The  only  effect  which  is  produced 
by  an  increase  in  the  source  of  heat,  is  a  greater  rapidity  in  the 
fusion  of  the  solid. 

The  passage  to  a  liquid  state  of  the  greater  number  of  solids  is 
made  suddenly ;  thus,  ice,  sulphur,  and  metals  assume  their  fluidity 
in  a  moment.  Other  substances,  on  the  contrary,  begin  by  being 
softened ;  and  they  become  viscous,  before  becoming  quite  fluid. 
Glass  affords  an  example  of  this  condition,  which  gives  great  facility 
to  the  working  of  it,  and  enables  it  to  be  blown  and  to  be  worked 
into  various  forms. 

Formerly  we  were  not  able  to  produce  a  temperature  sufficiently 
high  for  the  fusion  of  certain  bodies ;  hence  they  were  called  refrac- 
tory or  fixed.  In  the  present  day  the  number  of  these  substances 
is  considerably  diminished,  and  the  fusion  of  rocks,  which  used  to 
be  considered  infusible,  has  been  effected.  M.  Despretz  has  even 
succeeded  in  producing  an  incipient  fusion  in  charcoal,  the  most  re- 
fractory of  all  known  bodies.  Other  solids  are  infusible,  because  heat 
decomposes  them ;    such  are  chalk,  pit-coal,  and  marble :    neverthe- 
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less,  by  enclosing  a  piece  of  marble  in  an  iron  cylinder,  hermetically 
closed,  and  then  submitting  it  to  a  high  temperature,  a  certain  portion 
of  this  body  can  be  fused.  The  heat  at  first  decomposes  part  of 
the  marble  into  carbonic  acid  and  lime,  and  the  gas,  by  its  elastic 
force,  prevents  the  continuance  of  decomposition,  and  the  remaining 
marble  is  partially  fused. 

The  expansion  which  a  solid  body  undergoes  when  submitted  to 
increments  of  heat,  generally  continues  until  the  commencement  of 
fusion ;  at  this  juncture  it  takes  place  still  more  rapidly,  so  that  the 
liquefied  mass  has  a  greater  volume  than  that  of  the  solid  which 
produced  it  There  are  some  exceptions  to  this  law,  and  we  shall 
have  occasion  to  return  to  this  subject  in  speaking  of  the  solidifica- 
tion of  liquids.  A  foreseen  relationship  exists  between  the  latter 
phenomenon  and  that  which  we  have  just  studied ;  for  they  are 
both  effected  for  the  same  substance,  at  a  fixed  temperature:  in 
a  word,  the  point  of  solidification  is  the  same  as  the  point  of  fusion. 
Thus,  water  becomes  ice  when  its  temperature  reaches  0°;  lead  is 
solidified  when  [cooled  to  322°,  sulphur  to  11 5^  iron  to  1,500^ 
platinum  to  2,000°.  And  we  have  another  similarity  in  the  fact 
that  the  temperature  of  the  liquid  mass  remains  constant  during 
the  whole  time  of  solidification;  a  more  intense  removal  of  heat 
renders  the  passage  to  the  solid  state  more  rapid,  but  it  does  not 
lower  the  temperature  of  the  mass. 

The  term  congelation  or  freezing  is  more  particularly  applied  to 
solidification  which  takes  place  at  a  low  temperature, — for  example, 
below  0°.  Water  congeals  at  0°,  mercury  at  39°  below  0°;  many 
liquids,  such  as  bisulphide  of  carbon  and  alcohol,  have  not  yet 
been  solidified,  although  by  using  refrigerating  mixtures  their  tem- 
perature has  been  lowered  to  80°  below  0°. 

We  thus  see  that  the  temperature  of  the  fusing  point  of  solids  is 
the  same  as  the  temperature  of  solidification.  Nevertheless  it  is 
possible,  under  certain  cu*cunistances,  to  lower  the  temperature  of  a 
liquid  mass  below  this  point  without  producing  solidification.  Water, 
for  example,  when  enclosed  in  a  vessel  and  sheltered  from  the  agita- 
tion of  the  air,  can  remain  licjuid  at  a  temperature  20°  below  0°.  In 
this  exi)eriment  it  must  be  very  limpid,  in  order  that  it  may  be  kept 
at  perfect  rest,  and  that  the  cooling  be  effected  gradually.  But  when 
it  is  in  this  condition,  the  slightest  agitation,  or  the  throwing  in  of  a 
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small  piece  of  ice,  is  sufficient  to  cause  congelation  to  take  place 
instantly  throughout  the  whole  mass.  Then  a  remarkable  result 
occura,  for  there  is  a  disengagement  of  heat,  and  freezing  takes  place 
at  a  temperature  of  0"*,  as  under  ordinary  circumstances. 

A  solid,  on  melting,  expands  quickly,  and  the  reverse  phenomenon 
ought  to  take  place  when  a  liquid  mass  is  solidified.  Experiment, 
indeed,  has  shown  that  there  is  a  diminution  of  volume.  But  this 
is  not  a  general  law,  as  there  are  exceptions,  such  as  water,  cast-iron, 
bismuth,  and  antimony.  These  substances  expand  on  solidifying, 
and  this  property  is  utilized  in  the  arts,  in  the  case  of  molten  iron, 
and  allows  the  reproduction  in  a  very  perfect  form  of  the  interior  of 
the  moulds  in  which  this  substance  flows. 

We  have  already  learnt  that  water  expands  on  cooling  from  4* 
to  0°,  so  that  the  sudden  expansion  which  it  undergoes  on  congealing 
appears  to  be  the  continuation  of  the  same  phenomenon,  and  renders 
the  explanation  which  is  given  to  it  probable :  the  phenomenon  is 
explained  by  the  new  disposition  which  the  molecules  take  in  the 
vicinity  of  the  point  where  this  crystallization  is  effected.  "When  the 
passage  to  the  solid  state  is  effected,  the  expansion  is  sudden,  and  is 
performed  with  an  irresistible  force,  as  shown  by  the  following  experi- 
ment, the  description  of  which  we  take  from  TyndalFs  "  Treatise  on 
Heat : " — "  But  to  give  you  an  example  of  this  energy,  a  quantity  of 
water  is  confined  in  this  iron  bottle.  The  iron  is  fully  half  an  inch 
thick,  and  the  quantity  of  water  is  small,  although  sufficient  to  till 
the  bottle.  The  bottle  is  closed  by  a  screw  firmly  fixed  in  its  neck. 
Here  is  a  second  bottle  of  the  same  kind,  prepared  in  a  similar 
manner.  I  place  both  of  them  in  this  copper  vessel,  and  surround 
them  with  a  freezing  mixture.  They  cool  gradually,  the  water  within 
approaches  its  point  of  maximum  density ;  no  doubt  at  this  moment 
the  water  does  not  quite  fill  the  bottle,  a  small  vacuous  space  exists 
within.  But  soon  the  contraction  ceases,  and  expansion  sets  in ;  the 
vacuous  place  is  slowly  fiUed,  the  water  gradually  changes  from 
liquid  to  solid;  in  doing  so  it  requires  more  room,  which  the  rigid 
iron  refuses  to  grant.  But  its  rigidity  is  powerless  in  the  presence 
of  the  atomic  forces.  These  atoms  are  giants  in  disguise,  and  the 
sound  you  now  hear  indicates  that  the  bottle  is  shivered  by  the 
crystallizing  molecules, — the  other  bottle  follows,  and  here  are  the 
fragments  of  the  vessels,  showing  their  thickness,  and  impressing 
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you   witli  the   might    of   that    euergy  by   which   they   have  been 
thiia  riven." 

Two  bombs  filled  with  water,  the  fusee  holes  being  closed  firmly 
by  an  iron  stopper,  were  exposed  to  intense  frost :  in  one  ingtance 
the  stopper  was  projected  to  a  distance  of  150  metres  on  freezing, 
and  a  long  cylinder  of  ice  issued  from  the  opening  (Fig.  296) ;  the 
other  bomb  was  split  open,  and  a  sheet  of  ice  was  forced  through 
the  crack.  This  experiment  is  given  in  M.  Uf^uiu's  "Traite  de 
Physique,"  and  was  made  by  Major  Edward  Williams,  of  the  Artillery 
in  Que1>ec. 


Similar  results  have  beeti  obtained  with  bismuth.  An  iron  bottle 
filled  with  melted  metal,  and  closed  witli  a  screw-stopper,  bursts  when 
the  metal  begins  to  solidify ;  the  rapid  expansion  which  determines 
the  changes  of  condition  developes  an  expansive  force  so  considerable 
that  the  envelope  cannot  resist  it,  and  is  broken. 

The  expansion  of  water  at  the  moment  of  congelation  explains 
the  bursting  of  water-pipes  during  a  frost;  the  accident  is  not  jjer- 
oeived  until  a  thaw,  because  as  long  as  the  water  remains  as  ice  in 
the  pipes  no  escape  can  be  manifested,  but  when  the  thaw  commences, 
the  water  flows  through  the  cracks  in  the  pipes. 

The  greater  immber  of  sohds  must  be  liquefied  before  they  pass 
into  tlie  state  of  vapour.  Nevertheless,  camplior,  arsenic,  and  some 
other  substances  diminish  in  weight  when  exposed  to  the  air,  without 
becoming  liquid.     Snow  and  ice  do  the  same.     Every  one  can  observe 
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this  fact  during  dry  weather  and  hard  frosts  :  pieces  of  ice  and  heaps 
of  snow  perceptibly  diminish  in  volume,  or  quite  disappear,  without 
even  partial  fusion  having  taken  place. 

As  regards  liquids,  they  for  the  most  part  pass  spontaneously 
into  vapour,  at  varying  temperatures.  Water  on  being  placed  in  an 
open  vessel  gradually  disappears ;  wet  things  dry  with  much  greater 
rapidity  when  the  temperature  is  high  and  the  surrounding  air  not 
humid ;  and  again,  when  placed  in  a  current  of  air,  the  water  with 
which  they  are  saturated  is  converted  still  more  quickly  into  vapour. 
Mercury  evaporates  at  ordinary  temperatures;  a  fact  which  was 
placed  beyond  doubt  by  Faraday,  by  means  of  the  following  experi- 
ment :  he  suspended  a  piece  of  gold  leaf  in  a  flask  containing 
mercury,  and  after  some  length  of  time  he  found  that  the  leaf  was 
whitened.  The  mercury  had  thus  amalgamated  itself  with  the  gold, 
which  could  not  have  resulted  unless  evaporation  had  taken  place. 
This  first  mode  by  which  liquids  pass  into  the  state  of  gas  is  called 
evaporation.  It  is  characterized  by  the  fact  that  it  is  eflFected  at 
any  temperature  whatever,  and  solely  at  the  superficial  stratum  of 
the  liquid.  Vaporization,  on  the  other  hand,  is  the  conversion  into 
vapour  under  the  influence  of  a  rise  of  temperature  at  the  moment 
when  this  temperature  attains  a  fixed  limit,  determinate  for  each 
liquid,  and  constant  for  the  same  external  pressure.  The  liquid  is 
then  in  ebullition,  that  is  to  say,  its  mass  is  agitated  by  the  passage 
of  the  bubbles  of  vapour  which  have  escaped  from  the  bottom  of 
the  vessel  which  contains  it,  and  the  specific  lightness  of  which 
causes  them  to  ascend  to  the  surface. 

The  temperature  at  which  a  liquid  enters  into  ebullition  is,  as 
we  have  just  said,  constant  for  the  same  pressure :  that  is,  if  the 
liquid  is  always  contained  in  a  vessel  of  the  same  substance.  Water 
boils  at  100°,  at  the  barometric  pressure  of  760  millimetres,  in  a 
metallic  vessel ;  in  a  glass  vessel,  however,  it  scarcely  boils  at  lOr, 
as  proved  by  Gay-Lussac :  this  probably  proceeds  from  a  stronger 
adhesion  of  the  liquid  molecules  to  the  glass  than  to  the  metal 
Moreover,  the  temperature  of  ebullition  remains  constant  during  the 
whole  time  that  the  vaporization  of  a  liquid  mass  continues ;  only, 
if  a  more  intense  heat  is  used,  the  passage  into  the  vaporous  state 
is  effected  more  rapidly. 

The  following  are  the  temperatures  at  which  vaporization  (which 


CHAP.  III.]   EFFECTSOF  VARlATlOyS OF  TEMI'HHATVUE.      449 


always  accompanies  elmllitiun)  lak«s  pliictt  in  tlic  uiisc  of  the  fi>l~ 
lowitijr  lii^uids : — 

Ether 35- 

Alcuhol W 

Wiiter \W 

I'uiiceiitmted  sulpliiiric  naA    .  'Ai->' 

M.-rc.irj- -.mr 

Suii>hnr 4((0' 

Let  119  now  study  nniru  cliisely  tliti  uuviwus  iilieiiomeiia  of  the 
ebullition  or  Iwilinj;  uf  li»iuiiU,  ami  we  will  taku  foi-  our  example 
that  liiiuid  which  \*  most  easy  to  ohst;rve,  viz.  water. 

When  the  teunwraturo  of  11  vessel  fonUiijiinj;  water  is  misoil  Ijy 
placing  it  on  the  tire,  the  hiitloni  and  hides 
of  the  vessel  reeeive  ihe  first  iuHuence  of  ;'".'"i,  j„_ 

the  heat    Tlie  heat  is  tlien  contmuniuated  •  ,;*"   K'' 

to  the  contained  liquid,  which  is  at  (ii-st  p   ■^•\ 

evaporated  at  the  surface,  this  evaponition  ^•k' ' 

being  greater  as  the  temperature  of  the  | 

water  iipproaclje^i  nearer  to  elmllition.   At  \ 

length  the  moment  arrives  when  vapour  "  -  .  n, 

is  jiroduced  on  tlie  inner  surl'aeis  and  at  '        '    ■  ■  • ' 

the  bottom  of  the  vessel.     The   bubbles  'f.:'\ 

there  formed  liavo  an  eiaslic  or  expuusive 
force,  which,  added  to  their  speeiKc  liglit- 
ness,  causes  them  to  rise  to  the  surface  of 
tlie  liquid,  But  the  weight  of  the  strata  of 
water  and  the  atmosplieric  ])rcssui'e   are 

opposed   to   tliia  a&eent,  which  does   not       -     ^  ,  ^-  - 

effectively   taKe    pliicu   nutil   tlie   elaslii;  ■  -    i-   n 

force   of    the    vapour    is    equal    to    the 

sum  of  these  two  jiressure.-i.  Then  a  tumuliuous  movement  com- 
mences, which  is  due  to  the  ]>nssage  of  hubbies  ^^hi(:h  burst  at 
the  surface  of  the  liquid.  A  litllc  hefoi-e  ebullition,  u  peculiar 
noise  is  heard :  it  is  then  satd  that  the  ?!■<(/</■  siwjs.  The  i>rf»- 
duction  of  this  noise  niiiy  l»e  explained  as  follows :  when  the  first 
bubbles  of  vajiour  rise  to  the  surface,  tbey  Iraviti-se  strata  nioro 
or  less  warm,  the  vapour  of  A\hieh  they  are  formed  i*  coided  and 
condensed,  and  Ihe  i-nuoundinL:  water  iiuuiedlatelv  fill.-*  the  s;-ai'i'.'< 
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which  result.  But  the  upper  strata  of  the  water  soon  attain  Uie 
temperature  of  the  strata  at  the  bottom,  and  the  noise  ceaaes,  because 
the  cause  of  the  condensation  of  the  bubbles  has  disappeared. 

The  appearance  of  the  bubbles  of  vapour  confirms  this  explanation ; 
they  at  first  riae  under  the  form  of  cones  which  taper  off  at  the  upper 
part ;  when  ebullition  is  complete  they  rise,  on  the  contrary,  as  cones 
widened  at  the  top,  because,  instead  of  being  condensed,  they  are 
expanded  in  proportion  as  they  overcome  the  dimiaishing  pressure 
of  the  liquid  above  them. 

Experiment  proves  that,  during  the  whole  time  of  boiling  of  a 
liquid,  the  elastic  tension  of  the  vapour  whicli  is  formed  ts  prpciaely 
equal  to  the  external  pressure ;  and,  because,  as  we  shall  presently 
see,  this  tension  increases  with  the  temperature,  it  follows  that  the 
temperature  of  ebullition  of  a  liquid  is  lowered  as  the  external  pres- 
sure decreases,  and,  on  the  contrary,  that  it  is  raised  as  the  external 
pressure  increases.  Thus,  under  a  pressure  of  760  mm.  water  boils 
at  100°.  De  Saussure,  having  boiled  water  on  Mont  Blanc,  found  86" 
_  to  be  the  femperatuie  of 

ebullition,  the  barometric 
pressure  being  4^4  mm.; 
Bravais  and  Martins  made 
similar  experimenta,  asd 
found  the  temperature  of 
ebullition  at  the  Grands- 
Mulets,  on  the  sides  of  the 
same  mountain,  90°,  under 
a  pressure  of  529  mm.,  and 
at  the  top  of  Mont  Blanc 
84-4°,  with  a  pressure  of 
424  mm. 

In  an  apparatus  called 
(after  its  inventor)  Papin's 
Digester,  the  temperatnie 
of  ebullition  of  water  is 
raised  at  will,  by  incress- 
ing  the  pressure  on  the  surface  of  the  liquid.  The  increased  pressure  is 
produced  by  the  vapour,  which  accumulates  in  lai^e  quantity  aboTC 
the  surface,  and  raises  the  boiling  point  of  the  liquid.    Papin's  Digester 
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is  composed  of  a  cylindrical  vessel  made  of  iron  or  bronze,  with 
thick  and  excessively  strong  sides;  it  is  closed  by  a  cover  of  the 
same  metal,  which  a  pressure-screw  presses  against  the  edgcis  of  tlie 
opening  (Fig.  298).  A  hole  in  the  cover  allows  the  vapour  to 
escape,  whenever  its  tension  exceeds  a  certain  limit,  which  can  be 
fixed  at  pleasure  by  the  following  means :  the  hole  in  the  cover  is 
closed  by  the  ann  of  a  lever,  at  the  extremity  of  which  is  a  weight 
acting  with  a  force  proportional  to  its  mass  and  the  length  of  tlie 
arm  of  the  lever. 

Tlie  limit  of  the  elastic  force  of  this  vapour,  or,  in  other  words, 
that  of  the  temperature  of  the  water  contained  in  the  vessel,  can  thus 
be  regulated  beforehand.  Water  can  thus  be  boiled  at  a  constant  tem- 
perature far  exceeding  100°,  a  temperature  capable  indeed  of  melting 
tin,  bismuth,  and  lead.  Papin's  Digester  is  used  to  dissolve  or  boil 
in  water  substances  which 
require  a  higher  temperature 
than  that  of  ebullition  in  free 
air,  at  the  ordinary  pressure 
of  the  atmosphere. 

We  have  mentioned  that 
the  ebullition  of  liquids  takes 
place  at  temperatures  which 
are  lower  as  the  pressure 
decreases;  now,  on  placing 
under  the  receiver  of  an  air- 
pump  a  vessel  containing 
water  at  a  temperature  below 
100**,  this  liquid  is  seen  to 
enter  into  ebullition  as  soon 
as,  on  rarefying  the  air,  the 
pressure  falls  to  that  of  the 
elastic  force  of  steam  at  this 
temperature ;  the  vapour  thus  formed  accumulates  above  the  surface 
of  the  liquid,  and  by  its  increasing  pressure  ultimately  stops  i\w, 
ebullition.  If  the  receiver  is  now  cooled  by  means  of  a  wet  cloth, 
the  fall  of  temperature  condenses  a  part  of  the  vapour,  and  thus 
diminishes  the  pressure,  and  ebullition  recommences. 

This  experiment  can  be  tried  without  the  aid  of  an  air-pump. 

i\  G  2 


Fio.  2M.  — Ebullition  of  water  Rt  a  teinporatiiro 
lower  than  lOO*. 
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Water,  cniitained  in 
Jfiiytlienwl  ebullition, 
ptilli'fl  l»y  tlie  vapimr 
ic'in'>veil  from  the  li 
iiiji'k  is  iiiiniersKil  in 
iiliovu  tliti  liqiii<l  lins 
if  till!  bull)  is  wwlt'll 


il 


mercury:    if  tbe  tiiW 
out  of  tlie  mercury,  th 


8  bulb  witli  a  long  neck,  is  submitted  to  a 
I,  in  onlor  thnt  tlie  air  may  be  completely  ex- 
licli  is  formed  ;  tlie  flask  is  then  corked  aod 
!,  Biid  in  onier  lo  prevent  the  entrance  of  air,  the 
wati^r  (Fiy.  2!>9).  The  vapour  which  remains 
ft  tension  sullicient  to  prevent  ebullition;  but 
by  )«niriri;;  cold  wat<'r  over  it,  or  by  putting  it 
in  contact  with  ice,  th«  vapour  is 
(<in<ltiiised  and  ebullition  recom* 
iiii'ii<'«s :  it  9cenis  as  if  uater  id  boiled 
by  beinj;  cooled. 

To  understand  thoroughly  the  con- 
dittons  iinilfr  wliicti  the  last  change 
of  state — tlie  liijnrfnrtion  iif  ijaset — 
wiiich  i-eniaius  to  be  studied  takes 
place,  it  in  indi.spensable  for  us  to 
know  the  Inws  which  regulate  the 
onuatitm  of  vapours  in  ■catuo,  the 
('Xi>criuientul  demonstration  of  which 
is  due  to  the  physicist  Balton.  The 
I'ollowiug  is  an  account  of  them: — 
If  we  iiitrodnce  into  the  Torri- 
cellian vacuum  a  certain  vohmie  of 
any  liiiuid,  for  instance,  a  cubic  centi- 
metre of  alcohol,  the  level  of  the 
mi.'1-cHiy  is  seen  to  be  dcpreased,  aud 
to  stnp  at  a  point  h  (Fig.  300) ;  and 
its  distance  from  the  level  of  a 
barometer,  immersed  in?  the  same 
basin  iiH  the  lirst  tube,  measures  the 
tension  or  clastic  force  of  the  vapour 
formed.  We  soe  at  once  that  t» 
r<ii-m  Iii[uids  pass  spontaneously 
li.iti.ifii        iutn  vapour. 

[*t  us  suppose  that  a  thin  atra- 
tnui    of   liquid   ia    floating  on  tk 
is  now  raised  without  lifting  the  lower  ead 
level  will  be  oliservcd  to  leniaiii  at  b,  tliat  i» 
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to  say,  at  the  same  height  aa  before.  IJut  the  liquul  stratum  of 
alcohol  diminishes  in  tliickne^s  iu  projiortiou  as  tliu  space  occu[iieiI 
by  the  vapour  increases;  a  fresh  quantity  of  vii|mur  is  foniicil 
without  a  change  of  tension ;  a:iJ  thus  it  coiitiiiuos  until  thi.^  whole  of 
the  liquid  is  evaporated.  If  we  now  continue  to  mi.=e  the  tulie,  th;it  is, 
to  increase  the  space  which  the  vapour  oecupitis,  tlie  level  of  the 
mercury  will  rise,  which  pixjve.s  that  the  tcujiinu  of  tht.'  vapour 
dimiui^hes.  The  tube  being 
again  loweicl.  the  level  falh 
Hnd  comes  back  to  tlic 
I>oint  h;  but  if  then  the 
same  movement  be  con- 
tinued, the  level  retnaiiis 
constant,  while  an  incrcaii- 
ing  portion  of  the  vaiwiur 
resumes  the  liquid  form. 
Figure  301  represents  three 
barometric  tubes,  the  cham- 
bers of  which  are  tilled  with 
the  vap<nir  of  the  same 
liquid;  as  long  as  this  ri>- 
inains  in  contact  with  the 
lit^uid  itself,  its  tension  doe.j 
not  vary,  which  is  ]>rijved 
by  the  equal  heif^ht  of  the 
mercury  in  the  three  experi- 
mental tul)e3. 

From    this    lir.*t    exjieii- 
nient  iMltoii  cunchiiled : 

Ist.  That  a  liquid  placed  in  a  vacuum  vapuiizcs  spontaneonsiy 
2nd.  That  the  vapour  thus  formed  attains  a  maximum  degree  o 
tension  which  remains  invarialile  whilst  an  excess  of  liquid  remains 
in  contact  with  the  space  tilled  with  vapour.     It  is  then  said  that  the 
Kpace  is  saturated  with  vajKiur. 

If  we  make  the  experiment  with  liquids  of  various  kinds— water, 
alcohol,  ether,  &c, — ^we  find  that  the  maximum  tension  varies  with 
different  liquids  at  the  same  temperature ;  this  is  proved  by  the 
different  levels  of  the  mercury  in   the   harometer  tubes   shown  ia 
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Fiyiire  302,  If  the  temperatures  are  caused  to  vary,  these  phenomena 
are  produced  in  the  same  order,  but  tlie  maximum  tension  increases 
rapidly.  The  following  table  gives  the  tensions  of  aqueous  vapour  in 
a  vacuum,  at  different  temperatures,  expressed  either  by  the  number  of 


millimetres  of  mercury  which  it  supports  in  a  barometric  tube,  o 

the  number  of  atmospheres  of  760  millimetres: — 


+  HI'  »-2 

+  ^1-  174 

+  311°  31-5 

+  411-  r.nMI 

+  M'  !)J1> 

-t-  IIKI-  TllD'O 

By  this  tiible  it  is  sera  tluit  at  th<;  ordinary  temperatures,  lietween 
10°  niid  3(1"  for  instance,  the  maximum  tension  of  aqueous  vapour  i» 
vamo  does  not  exceed  32  iii  il lime t res.     A  pressure  higher  than  32 


T^nipfntuiw. 

T«,.i 

lU. 

+  lai" 

2 

+   134" 

3 

,j 

+  144" 

4 

„ 

+  152" 

A 

„ 

+   IBO" 

1(1 

„ 

+  212' 

2<> 

4  ■2r,ir 

411 

,, 

+  im' 

50 

„ 
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millimetres,  at  the  temperature  of  SO"*,  will  cause  a  part  of  the  vapour, 
to  return  to  the  liquid  state.  Nevertheless,  we  see  water  spon- 
taneously vaporized  in  the  open  air,  imder  a  much  greater  pressure, 
the  mean  being  760  mm.  This  is  an  apparent  anomaly,  which  proves 
the  tendency  wliich  gases  possess  to  rise  by  virtue  of  the  expansive 
force  which  belongs  to  them ;  the  air  truly  presses  on  the  surface  of 
the  wat«r,  but  as  air  is  a  porous  body,  its  molecules  having  spaces 
between  them,  the  molecules  of  aqueous  vapour  fill  these  intervals, 
and  thus  mix  with  the  gas  of  which  the  atmosphere  is  formed. 

The  laws  of  the  mixture  of  gases  and  vapours  were  studied  by 
Gay-Lussac,  who  demonstrated  that,  if  a  space  full  of  gas  is  saturated 
with  the  vapour  of  any  liquid,  the  maximum  tension  of  this  vapour  is 
precisely  that  which  it  possesses  in  a  vacuum  at  the  same  tempera- 
ture. The  more  the  temperature  is  raised,  the  more  vapour  will  a 
space,  whether  vacuous  or  filled  with  gas,  require  to  saturate  it. 
Thus  in  summer,  in  very  warm  weather,  there  is  often  more  aqueous 
vapour  in  the  air  than  in  winter,  during  a  damp  and  cold  season. 
This  fact  astonishes  many  people  who  consider  that  clouds  and  fogs 
are  formed  of  aqueous  vapour;  but  this  is  a  mistake,  for  aqueous 
vapour  is  always  perfectly  invisible  and  transparent  The  very 
minute  drops  of  which  fogs  and  clouds  are  formed  are  water  in 
the  state  of  liquid,  not  of  vapour;  in  other  words,  it  is  aqueous 
vapour  which  the  lowness  of  the  temperature  has  condensed.  There 
are,  it  is  true,  substances  whose  vapours  are  visible — for  example, 
iodine ;  but  this  results  from  the  fact  that  this  vapour  is  not  colour- 
less like  that  of  water,  for  it  is  of  a  l)cautiful  purple- violet.  Again, 
the  vapour  of  chlorine  is  visible,  on  account  of  its  greenish-yellow 
colour,  that  of  bromine  by  its  brownish-red  colour. 

When  a  gas  or  vapour  is  contained  in  a  closed  space,  its  lique- 
faction can  be  produced  by  two  methods — viz.,  either  by  lowering  its 
temperature  or  diminishing  its  volume.  But,  in  order  that  the  liquid 
may  appear,  it  is  necessaiy  that  the  space  be  previously  saturated  ; 
and  it  is  also  by  this  same  means  of  cooling  or  compression  that 
the  state  of  saturation  is  obtained.  By  vapour  is  understood  the 
condition  of  a  substance  which  was  before  in  a  liquid  state.  There 
is  no  difficulty  in  liquefying  any  vapour,  if  we  place  it  under  the 
conditions  of  temperature  and  pressure  which  it  possessed  when  it 
existed  in  the  liquid  state. 
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The  liquefaction  of  gases  presented  many  difficulties  which  by- 
degrees  have  been  obviated.  Ammonia  gas,  chlorine,  carbonic  acid 
o^as,  and  protoxide  of  nitrogen,  have  been  liquefied — and  even,  with 
the  exception  of  chlorine,  solidified — thanks  to  the  use  of  vigorous 
processes  of  compression  and  refrigeration.  Five  gases  now  alone 
remain  which  have  not  been  liquefied  by  any  known  means ;  these 
are,  hydrogen,  oxygen,  nitrogen,  carlK)nic  oxide,  and  binoxide  of 
nitrogen — a  temperature  of  110°  below  zero,  combined  with  a  pressure 
of  from  30  to  50  atmospheres,  has  left  them  still  in  the  gaseous 
state :  for  this  reason  they  are  called  permanent  ga.^s.  But  induction 
authorizes  us  to  lielieve  that  it  would  be  possible  to  reduce  them, 
like  otlier  gases,  to  the  liquid  state  by  using  more  powerful  means, 
for  in  a  recent  research  Dr.  Andrews  of  Belfast  has  shown  it  to  be 
probable  that  the  various  states  of  matter  are  continuous,  the  liquid 
state  forming  a  link  between  the  solid  and  gaseous  states— a  link 
however  at  times  suppressed  when  the  solid  passes  at  once  into  the 
gasi^ous  or  vaporous  form  —  and  he  holds  that  the  gaseous  and 
li([uid  states  are  only  distant  stages  of  the  same  condition  of  matter, 
and  are  capable  of  passing  into  one  another  by  a  process  of  con- 
tinue ms  change. 
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CHAIT^ER   IV. 

PROPAGATION   OF   HEAT.— RADIANT   HEAT. 

Heat  is  transmitted  ia  two  different  ways,  by  conduction  and  by  radiation. — 
Examples  of  these  two  modes  of  propagation. — Radiation  of  obscure  heat  in 
vacuo, — Radiant  heat  is  propagated  in  a  straight  line  ;  its  velocity  is  the  same 
as  that  of  light. — Laws  of  the  reflection  of  heat ;  experiments  with  conjugate 
mirrors. — Apparent  radiation  of  cold. — Burning  mirrors. — Refraction  of  heat ; 
burning  glasses.— Similarity  of  radiant  heat  and  of  light. — Study  of  radiators, 
reflectors,  absorbing  and  diathermanous  bodies. — Thermo-electric  pile ;  experi- 
ments of  Leslie  and  Mellon i. 

TITHILE  describing  the  effects  of  heat  on  matter,  effects  which 
'*  modify  its  volume,  or  chan<;e  its  physical  condition,  we  have 
said  nothing  of  the  manner  in  which  the  passa<^e  of  heat  from  the 
heat-source  to  the  heated  body  is  effected.  When  two  bodies  are 
in  the  presence  of  each  other,  eitlier  in  contact  or  at  some  distance 
apart,  experiment  proves  that  an  interchange  of  heat  takes  place 
lietwoen  them,  how  little  soever  their  temperatures  may  differ;  so 
that  eacli  of  them  becomes  a  sourc(i  of  heat  to  the  other :  but  we 
more  often,  reserve  the  term  lieat-source  for  that  of  the  two 
liodies  which  possesses  the  higher  temperature.  We  shall  now  study 
the  different  modes  of  transmission  of  heat  when  it  passes  from 
a  heat-source  to  a  body  which  is  more*  or  loss  distant,  or  is  trans- 
mitted through  various  media. 

Experiment  has  shown  us  two  i)rincipal  modes  of  propagation 
of  heat,  and  we  observ-e  that  the  following  examples  may  be 
easily  multiplied  by  adding  our  daily  ob.servations  of  like  phe- 
nomena. When  a  cold  iron  bar  is  held  in  the  hand  by  one  of  its 
extremities,  the  other  end  Inking  placed  in  the  fire,  a  certain  time 
elapses  before  the  heat  of  the  lire,  which  is  gradually  transmitted 
along  the  bar,  is  perce»>tible  to  the  touch ;  the  shorter  the  bar,  th'^ 
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less  time  does  the  heat  take  to  travel  along  it ;  moreover,  the  intensity 
of  the  heat  thus  propagated  increases  from  the  moment  of  the  first 
impression,  if  the  bar  still  remains  in  the  fire.  Here,  the  heat  has 
travelled  along  the  metal,  and  from  molecule  to  molecule;  it  is  by 
the  intervention  of  material  particles  that  it  has  thus  been  conducted 
from  one  extremity  to  the  other  of  the  iron  bar,  and  lastly  com- 
municated to  the  hand  by  contact.  This  is  an  example  of  the 
propagation  of  heat  by  conduction.  It  is  in  this  way  that  the 
temperature  of  the  exterior  walls  of  a  vessel  is  raised,  when  hot 
water  has  been  poured  into  the  interior.  The  same  mode  of  trans- 
mission does  not  obtain,  however,  when  the  heat  of  the  fire  is  com- 
municated to  the  face  of  a  person  who  removes  a  fire-screen  quickly 
from  before  him,  and  thus  becomes  exposed  to  its  influence.  In 
this  case  the  rapidity  of  the  impression  proves  that  it  is  not  by 
warm  air  interposed  between  the  fire  and  the  face  that  the  heat  of 
the  fire  has  been  propagated,  but  by  a  movement  analogous  to  that 
of  light  emanating  from  a  luminous  source.  The  heat  is  then  said  to 
be  propagated  by  radiation,  and  radiant  lieat  is  that  which  is  emitted 
from  a  source  of  heat  and  thus  transmitted  to  a  distance. 

Tlius,  when  a  source  of  heat  is  in  the  presence  of,  and  at  a  cer- 
tain distance  from,  a  body,  it  can  raise  its  temperature  in  two  ways : 
either  by  gradually  warming,  molecule  by  molecule,  all  the  material 
parts  which  are  interposed  between  the  body  and  the  source,  or 
by  warming  the  body  directly,  without  an  elevation  of  temperature 
of  the  intermediate  parts  being  a  necessary  condition  to  the  elevation 
of  the  temperature  of  the  body.  Heat  is  propagated  by  coTiduction 
in  the  first  instance,  by  radiation  in  the  second. 

As  all  other  methods  of  tmnsraission  of  heat  may  be  included 
iu  one  or  other  of  these,  or  by  their  combination,  we  shall  study 
them  separately,  and  we  will  commence  with  radiant  heat. 

The  action  of  the  solar  rays,  which  make  themselves  felt  at  a 
distance  of  91  millions  of  miles,  proves  that  heat  does  not  require 
a  medium  of  a  ponderable  nature  for  its  propagation;  and,  indeed, 
when,  after  having  traversed  the  interplanetary  spaces,  it  enters  the 
atmospheiv,  and  ultimately  reaches  the  earth,  it  warms  this  latter 
directly,  without  having  raised  to  a  perceptible  degree  the  temperature 
of  the  upper  strata  of  the  atmosphere,  to  which  the  cold  which  exists 
in  high  regions  of  the  air,  on  the  summit  of  lofty  mountains,  testifies. 
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Heat  radiates  from  all  the  incandescent  bodies  which  may  be 
observed  on  the  face  of  the  earth,  in  the  same  way  as  it  emanates 
from  the  sun.  Obscure  heat  also  possesses  the  same  property,  that 
is  to  say,  it  is  propagated  from  its  source  to  any  distance  by  direct 
radiation,  without  warming  the  intermediate  space,  as  during  con- 
duction. Bumford's  experiment  has  placed  this  result  beyond 
doubt.  He  constructed  a  barometer,  the  tube  of  which  was  ter- 
minated at  its  upper  extremity  by  a  large  bulb,  in  the  centre  of 
which  a  thermometer  was  placed ;  the  bulb  thus  formed  the  vacuous 
chamber  of  the  instrument,  so  that  it  was  entirely  void  of  ponderable 
matter  (Fig.  303).  Having  then  closed  the  orifice  of  the  stem, 
and  sealed  off*  the  bulb  from  it,  he  plunged  the  lower 
jiart  of  this  latter  into  boiling  water;  the  mercury 
in  the  thermometer  rose  imvudiately — an  effect  which 
could  be  attributed  only  to  the  radiation  across  the 
vacuum  of  the  heat  communicated  by  the  water  to 
the  mercury  in  the  bulb. 

Thus  obscure  heat  radiates  from  calorific  sources 
in  the  same  manner  as  luminous  heat. 

We  will  now  show  a  more  complete  analogy  be- 
tween the  phenomena  of  radiant  heat  and  light ;  the 
same  laws  regulate  both,  so  that  luminous  and  calorific 
effects  appear  to  be  produced  by  movements  of  the 
same  nature,  for  we  are  already  aware  of  the  existence 
of  heat-rays  beyond  the  red  end  of  the  solar  spectrum. 

Like  light,  radiant  heat  is  transmitted  in  straight 
lines  through  homogeneous  media;  if  therefore  we 
interpose,  between  a  source  of  heat  and  one  of  the 
bulbs  of  Leslie's  differential  thermometer,  a  series 
of  screens,  each  pierced  with  a  hole,  tlie  instrument 
will  mark  the  elevation  of  temperature  only  so  long  as  tlie  holes 
of  the  screens  remain  in  a  straight  line.  This  experiment  proves 
that  bodies  exist  of  such  a  nature  that  radiant  heat  does  not  pa^ss 
through  them :  they  are  called  adiathennunons  substances.  Other 
substances  which  are  traversed  with  more  or  less  facility  by  heat- 
rays  are  called  diathermanous :  these  latter  are  generally  transparent 
substances,  such  as  air  and  other  gases ;  but  there  are  also  opaque 
bodies  which  permit  the  passage  of  radiant  heat,  and  ai*e  hence 
diathermanous. 


Fio.  30S.— Rwliation 
of  obAcure  heat  in 
vacuo. 
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Tlie  velocity  of  propagation  of  radiant  heat  is  as  great  as  the 
velocity  of  light  Tlie  first  aeries  of  experiments  proved  that  there 
K  no  appreciable  interval  lietween  the  moment  when  a  screen,  inter- 
posed between  a  source  of  heat  and  a  very  sensitive  thermoscope, 
is  removed,  and  that  in  which  the  instrument  marks  the  elevation 
of  temperature.  Afariotte  worked  thus  at  a  distance  of  more  than 
100  metres ;  I'ictet  at  23  metres.  But  these  experiments  only  prove 
that  the  velocity  of  radiant  heat  is  great,  without  giving  its  measure; 
it  has  since  been  proved  that  there  is  a  perceptible  difference  be- 
tween the  velocity  of  the  dark  heat  mys  of  the  solar  spectrum  and 
of  light  rays. 


Itadiant  heat  is  reflected  from  the  surface  of  bodies,  like  light, 
and  in  accordnnce  with  the  same  laws.  We  can  assure  ourselves  of 
this  identity,  by  showing  that  the  effects  of  a  radiating  source  are 
analogous  to  the  luminous  effects  of  reflection.  Thus,  if  we  place  two 
pnrabolic  mirrors  opposit«  to  each  other,  so  that  their  axes  coin- 
cide (Fig.  Ii04),  a  source  of  heat  placed  in  one  of  the  foci  will 
transmit,  to  the  nearest  mirror,  rays  which  will  be  reflected  parallel  to 
the  eonmion  n."(iH,  and  after  falling  on  the  second  mirror  will,  after 
this  new  reflection,  be  reunited  in  its  focus.  Tliis  is  what  ought  to 
take  niace  if  the  laws  of  the  refleclion  of  heat  are  the  same  as  those 
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of  light ;  and  we  find  that  such  is  the  case.  In  one  of  the  foci  we 
place  an  iron  basket  containing  burning  coals,  and  in  the  other 
focus  some  gun-powder,  tinder,  gun-cotton,  or  any  otlier  inHammable 
substance, — it  takes  fire  instantly.  Tliis  experiment  will  not  succeed,  if 
the  source  of  heat  or  the  inflammable  body  be  displaced,  however  little, 
from  their  respective  foci.  An  experiment  of  Sir  H.  Davy  has  proved 
that  the  laws  of  the  reflection  of  radiant  heat  are  the  same  in  vacua 
as  in  air.  Moreover  obscure  heat  is  propagated  like  heat  which 
radiates  from  incandescent  sources,  which  may  be  demonstrated  by 
the  experiment  of  the  conjugate  mirrors  by  means  of  a  vessel  filled 
with  boiling  water.  This  vessel  is  placed  in  one  of  the  foci  and  the 
bulb  of  a  thermometer  in  the  other,  which  immediately  indicates  a 
rise  of  temperature.  The  same  thermometer  placed  away  from  the 
focus  manifests  no  perceptible  change. 

We  will  now  speak  of  a  curious  exjxjriment  which  would  lead  us 
at  first  sight  to  believe  that  cold  can  be  radiated  as  well  as  heat. 
If  a  piece  of  ice  is  substituted  for  one  of  the  sources  of  heat,  of 
which  we  have  just  spoken,  and  if  it  is  placed  exactly  in  the  focus 
of  one  of  the  mirrors,  the  thermometer  in  the  other  focus  falls,  as 
if  a  reflection  of  cold  had  taken  place.  The  fact  in  this  case  is,  as 
in  the  others,  that  there  are  two  bodies  of  unequal  temperature  in 
the  presence  of  each  other,  both  of  which  radiate  heat.  P^ach  of 
them  suffers  a  loss  of  heat,  which  is  partly  compensated  for  by  the 
gain  which  follows  from  the  radiation  of  the  other.  In  the  fii'st 
experiment,  the  thermometer  received  more  than  it  lost,  and  there- 
fore there  was  an  increase  of  temperature  and  an  elevation  of  the 
mercurial  level.  In  the  ice  experiment,  the  thermometer  on  the  con- 
trary loses  more  heat  than  it  receives ;  its  temperature  diminishes, 
and  the  mercury  sinks. 

The  laws  of  imliant  heat  have  been  utilized  in  obtaining  a  heat 
of  very  great  intensity  at  the  focus  of  a  spherical  concave  mirror 
exposed  to  the  solar  rays.  With  an  apparatus  of  this  kind,  which  is 
then  called  a  humiiig  mirror  (Fig.  305),  and  which  possesses  a  large 
diameter  and  considerable  cur\^ature,  metals  have  been  melted, 
bricks  and  stones  vitrified,  &c.  Buffon  obtained  this  effect  from 
spherical  min'ors,  by  placing  100  silvered  plane  mirrors  in  such 
a  manner  that  each  of  them  was  a  tangent  to  the  same  sphere  ;  each 
mirror  turned  on  a  hinge,  and  he  thus  increased  or  diminished  the 
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distance  of  the  focus  at  will  By  means  of  this  mirror  he  melted 
lead  at  a  distance  of  140  feet  (455  ni.),  and  silver  at  100  feet  (225  m.). 
The  rays  of  heat  which  full  on  a  body  are  not  all  reflected.  They 
are  generally  divided  into  two  yr'^"ps-  The  first  group  consists  of 
the  rays  which  are  reflected  from  the  surface  of  the  body  according, 
as  we  have  just  stated,  to  the  laws  of  reflection  of  light:  there  are 
also  other  rays  which  are  diffused  in  every  direction ;  but  none  of 
these  rays  penetrates  into  the  substance  of  the  body.  The  second 
group  is  formed  of  the  rays 
which  are  absorbed  by  this 
substance,  and  produce  in  it 
an  elevation  of  temperature, 
being  propagated  by  conductioa 
throughout  the  whole  mass;  and, 
lastly,  rays  which  pass  through 
the  bo4ly,  and  issue  in  the  same 
manner  as  light  traverses  and 
issues  from  transparent  media. 
The  proportion  of  these  differ- 
ent fractions  of  incident  heat- 
rays  varies  according  to  the 
nature  of  the  body  which  re- 
ceives them,  the  state  of  its 
surface,  '&c  Hence  the  expres- 
sions, reflecting,  dtffttsive,  abaorb- 
ing,  and  diatkermanaua  power*, 
to  designate  the  properties  which 

""  ~°    " **  " """'  correspond    to    these    different 

modes  of  radiation  of  lieat  by  various  bodies.  We  shall  speak  of 
these  hereafter.  At  present  we  will  confine  ourselves  to  the  pheno- 
mena of  the  transmission  of  radiant  heat  tlux)u^  diathermanous 
media,  and  to  the  laws  of  its  propagation,  because  we  shall  find 
an  analogy  between  heat  and  light  in  this  respect. 

Heat^rays,  wlien  they  enter  a  diatliermanous  medium,  undergo 
the  deviation  which  wc  have  studied  in  light  under  the  name  of 
refraction.  If  the  calorific  beam  falls  perpendicularly  on  the  surface 
of  the  medium,  there  is  no  deviation.  But  at  another  incidence  the 
ray  is  deviated,  and  approaches  the  norninl  at  the  point  of  incidence,  iu 
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passing  from  one  medium  to  another  of  a  greater  density ;  in  a  woid, 
the  laws  of  Tefraction  of  heat  have  been  demonstrated  to  be  like 
those  of  the  refraction  of  light.  This  fact  has  been  proved  experi- 
mentally by  using  convergent  spherical  lenses  to  concentrate  the 
calorific  rays  which  accompany  the  luminous  rays  of  the  sun.  At  the 
focus,  where  the  light  is  most  intense,  the  heat  is  also  the  greatest ; 
and  everyone  can  verify  the  truth  of  this  fact,  by  setting  fire,  by  the 
aid  of  a  magnifying  glass,  to  even  a  slightly  inflammable  substance  by 
the  rays  of  the  sun — tinder,  liueo,  wood,  paper,  &c.  This  refers,  it  is 
true,  to  sources  of  luminous  heat ;  but  Melloni  has  proved  by  using 
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prisms  and  lenses  of  rock-salt — which  substance  absorbs  a  smaller 
amount  of  heat  than  any  other — that  obscure  heat  is  refracted  in 
the  same  manner  as  that  proceeding  from  an  incandescent  source. 

The  refraction  of  heat  has  been  used,  like  its  reflection,  to  produce 
a  very  intense  heat  by  the  concentration  of  the  rays  of  the  sun.  The 
name  of  himing  glass  is  given  to  every  kind  of  lens  constmcted  for 
this  purpose,  whatever  the  diathermic  substance  may  be.  The  power 
of  a  burning  glass  increases  with  its  diameter,  and  with  the  shortness 
of  the  radii  of  the  spheres  to  which  the  surfaces  of  the  lens  belong. 
Tschimhausen,  celebrated  for  the  construction  of  burning  mirrors  of 
great  power,  made  burning  glasses  nearly  a  metre  in  diameter,  with 
which  he  succeeded  in  melting  metals,  and  vitrifying  mineral  suit- 


464 


PHYSICAL  PHENOMENA. 


[book  IV. 


stances.  liuffon  obtained  the  same  results  with  ao  echelou  lens, — 
that  is,  ft  lens,  one  surface  of  whicli  is  plane,  ■while  the  other  is  cut 
into  concentric  riugs.  The  curvature  of  each  of  these  rings  is 
calculated  so  that  all  the  solar  raya  fallii^  on  the  surfoce  con- 
verjje  to  the  same  point  (Fig.  307).  In  an  apparatus  of  this  kind, 
the  thickness  of  the  glass  buiug  teas  than  in  an  ordinary  lens  of 
the  same  apertui*,  less  heat  is  abfiorbed,  and  the  calorific  efi'ect  at 
tiie  focus  is  consequently  more  iiiteose. 

Bumiiig  glasses  have  also  been  constructed  with  various  liquids, 
the  lens  being  formed  of  two  convex  glasses,  enclosing  a  cavity 
which  contains  the  liquid 
employed.  Of  these  we  must 
quote  the  burning  glass  con- 
structed in  the  last  century 
by  Bemi^res  and  Tru<laine ; 
it  was  four  feet  (133  m.)  in 
diameter,  and  had  a  focal 
length  of  eight  feet;  when 
filled  with  turpentine  and 
exposed  to  tiie  solar  rays, 
calorific  effects  of  extra- 
ordinary intensity  were  ob- 
tained. 

We  have  most  of  ua  heard 

that  sailors,  during  voyages 

to  the  frozen  r^ons  of  the 

poles,  have  been  able  to  use 

lenses  of  ice  to  procure  fire. 

In  England  very  interesting 

Fio  807 -tu^^ Won  lens.  experiments  were  made  with 

an  ice  lens  of  yrcat  diameter 

(3   metres),  which   proved   the  possibility  of  igniting  powder  and 

paper  at  the  focus  of  this  novel  kiiid  of  burning  glass. 

From  the  foregoing  remarks  we  see  that  radiant  heat  is  propa- 
gated according  to  the  same  laws  as  light ;  its  velocity  is  of  the 
same  kind  and  degree ;  its  direction  i.s  rectilinear  in  homogeneous 
media ;  it  is  reflected  and  refracted  siniihirly.  The  analogy  has 
become  still  more  striking  since  the  discoverj'  that  heat  undeigoes 
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double  refraction  in  bi-refractive  media;  and  lastly,  that  it  is  also 
polarized  by  reflection,  and  by  simple  and  double  refraction.  It 
is  probable,  therefore,  that  the  calorific  radiations  do  not  differ 
essentially  from  luminous  radiations,  that  both  are  due  to  the  same 
cause,  ^^z.  to  vibrations  of  the  ether;  but,  whilst  the  disturbance 
produced  by  the  motion  of  the  luminous  waves  affects  the  organ 
of  sight  alone,  that  which  proceeds  from  heat  waves,  instead  of 
giving  us  the  sensation  of  light,  produces  the  sensation  of  heat. 
Calorific  and  luminous  radiations  have  even  been  considered  as 
possessing  no  other  difference,  except  a  greater  or  less  rapidity  of 
the  vibratory  movement  which  gives  rise  to  them.  Thus  the  longest 
undulations  or  the  least  refrangible  rays — these  expressions  are 
equivalent — \vould  constitute  the  heat-rays,  the  obscure  radiations ; 
then  increasing  from  a  certain  limit  of  rapidity,  the  vibrations,  with- 
out ceasing  to  produce  heat,  would  impress  the  retina  in  the  form 
of  light. 

The  theoretical  ideas  which  assign  a  common  origin  to  phenomena 
apparently  so  different,  and  which  are  so,  indeed,  to  our  senses,  is 
becoming  more  and  more  plausible.  The  old  hypothesis,  which  made 
heat,  light,  electricity,  and  magnetism  so  many  real  and  distinct 
agents  having  a  separate  existence,  is  almost  abandoned.  We  shall 
soon  see,  in  regard  to  heat,  other  proofs  in  favour  of  the  new  theory, 
which  show  that  heat  is  transformed  into  motion,  and  motion  into 
heat;  a  transformation  incapable  of  being  explained  by  the  hypo- 
thesis that  caloric  is  a  substance. 

All  bodies,  whatever  may  be  their  temperature,  emit  or  radiate 
heat.  We  have  described  the  experiment  which  proves  that  this 
emission  takes  place  with  obscure  heat  as  well  as  with  luminous 
heat.  If,  then,  two  or  more  bodies  are  in  the  presence  of  each  other, 
they  will  mutually  radiate  one  towards  the  other,  and  \ve  know  that 
the  heat,  received  thus  by  each  of  them,  will  be  partly  reflected  or 
diffused,  partly  transmitted  through  its  substance,  and  partly  ab- 
sorbed. It  is  this  last  portion  only  of  the  heat  which  has  fallen  on 
the  surface  of  a  body  which,  being  transmitted  from  molecule  to 
molecule,  that  is  by  conduction,  influences  its  temperature. 

When  bodies  which  are  near  together  and  confined  in  a  small 
space  are  of  unequal  temperatures,  experiment  shows  that  the  hottest 
in^duallv  cool  while  the  others  become  warmer.     At  the  end  of  a 
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certain  time  equilibrium  of  temperature  is  established,  wLich  proves 
that  the  interchange  of  heat  ceases,  or  rather  that  it  results  in  an 
exact  compensation  between  the  losses  and  gains  undei^one  byeach  of 
them  :  the  quantities  of  absorbed  and  of  radiated  heat  are  then  equal 
to  each  other.  This  hist  hypothesis,  which  is  generally  admitted,  is 
expressed  by  saying  that  the  ahsarbing  power  and  the  emissire  or 
ratliaiins  iMuvr  of  a  body  are  ec^ual  to  each  other.  Moreover,  the 
hypothesis  has  been  veritiud  by  experiment,  as  regards  temperatures 
not  exceeding  300°.    Of  tliia  more  presently. 

The  temperature  of  a  source  of  lieat  influences  the  rapidity  with 
wliich  it  is  cooled  by  radintion.  Generally  speaking,  the  higher  the 
tempemture,  tlie  more  CTisidorable  i-s   the   emission,  other  circum- 


stances remaining  the  same.  This  result  may  be  proved  by  enclosing 
the  source  of  beat  in  a  vacuum  or  in  a  space  fliled  with  a  gas, 
provided  that  the  temperature  be  higher  than  that  of  the  walls  of 
the  enclosure,  the  rapidity  of  the  cooling  being  also  greater  as  the 
excess  of  temperature  itself  is  greater. 

Emissive  power  depends  also  on  the  nature  of  the  surface  hy 
which  the  radiation  is  effected.  Ijeslie  proved  the  ineciuality  of  the 
emissive  power  of  dilferent  bodies  in  the  foUowiiif;  manner: — 

As  a  source  of  hual,  he  took  lioUow  cubes,  the  lateral  faces  of 
which  were  formed  ()f  the  substances  wliose  emissive  powers  he 
desired  to  coniimre;  tie  thi'u  liilfd  tliem  with  boiling'  wat-er,  which 
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was  kept  at  a  temperature  of  100°  by  the  heat  of  a  spirit-lainp. 
Each  face  of  the  cube  A  (Fig.  308)  was  turned  successively  towards 
a  concave  mirror  m,  at  the  focus  a  of  which  was  placed  one  of  the 
bulbs  of  his  differential  thermometer.  To  limit  the  rays  of  heat  which 
fell  on  the  mirror,  Leslie  placed  two  screens  B,  c,  pierced  with  wide 
apertures  in  the  common  axis  of  the  mirror  and  cube,  as  shown  in 
Fig.  308.  The  action  of  the  radiated  heat  produced  a  difference  of 
level  in  the  two  limbs  of  the  differential  thermometer,  which  became 
stationary  at  the  end  of  a  few  seconds.  Operating  in  the  same 
manner  with  the  different  faces  of  his  cubes,  Leslie  proved  that  the 
nature  of  the  radiating  surface  has  a  considerable  influence  on  the 
emissive  power  ;  and,  as  it  has  been  proved  that  the  emissive  powers 
of  two  bodies  are  proportional  to  the  excess  of  temperature  of  the 
two  bulbs  of  the  apparatus,  he  could  form  a  comparative  table  of 
their  values  for  one  temperature  of  the  heat-source. 

Since  liCslie's  time,  the  radiating  powers  of  a  great  number  of 
bodies  have  been  measured  with  other  apparatus,  and  his  result, 
that  lamp-black  and  white  lead  are  the  two  substances  which  i)ossess 
the  greatest  amount  of  radiating  power,  has  ])een  verified.  If  we 
represent  the  emissive  powers  of  these  substances  by  100,  the 
emissive  powers  of  the  following  substances,  at  the  temperature  of 
100°,  are  as  follows: — 


Lamp  black 
White  lead 
Paper    .     . 
Glass     .     . 
Indian  ink 
Gum-lac     . 


100 
100 
98 
90 
85 
72 


Steel  .  .  .  . 
Platinum  .  . 
Polished  brass  . 
Red  copper  .  . 
Polished  gold  . 
Polished  silver  . 


17 
17 

mm 

i 

7 
3 
3 


We  thus  see  that  the  metals  possess  the  least  emissive  power. 
It  was  once  imagined  that  bodies  of  bright  colours  radiated  heat  to 
a  less  extent  than  those  of  a  dull  and  dark  colour,  but  the  foregoing 
table  disproves  this ;  for  white  lead  radiates  as  much  as  lamp-black. 
The  degree  of  polish  of  the  surface  of  a  body,  a  metal  for  instance, 
influences  its  radiating  power :  in  the  case  of  a  beaten  or  laminated 
plate,  if  it  is  roughened  its  radiating  power  is  increased;  on  the 
contrary,  it  is  diminished  if  the  plate  is  of  cast  metal ;  which  leads 
to  the  supposition  that  the  emissive  power  is  in  the  inverse  ratio  of 
the  density  of  the  superficial  strata. 

H  u  2 


468  PHYSICAL  PHENOMENA,  [book  iv. 

The  preceding  results  account  for  a  fact,  which  is  easily  proved, 
that  polished  metal  vessels,  especially  silver  ones,  preserve  the 
heat  of  the  liquids  contained  in  them  for  a  long  time ;  but  if  this 
surface  is  unburnished,  and  especially  if  it  be  covered  with  lamp- 
black, the  mdiation  becomes  very  intense,  and  the  cooling  of  the 
liquid  takes  place  rapidly. 

From  a  consideration  of  the  radiating  power  of  different  sul>- 
stances  let  us  pass  to  their  reflecting  power.  And  in  the  first  place 
we  may  remark  that,  in  the  case  of  a  body  which  is  not  transparent 
to  heat  or  which  is  adiatherraanous,  of  100  heat-rays  falling  on  its 
surface,  perhaps  20  will  be  absorbed ;  while  all  the  others,  to  the 
number  of  80,  will  be  reflected.  Now,  as  the  absorbing  power  is 
itself  equal  to  the  emissive  power,  by  a  very  simple  calculation,  the 
reflecting  powers  of  bodies  can  be  found  without  having  recourse  to 
experiments.  At  the  same  time  we  must  not  forget  that  experiment 
has  led  to  the  preceding  reasoning ;  and  in  physics,  it  is  always  more 
instructive  to  learn  anything  experimentally,  both  as  regards  the 
explanation  of  facts  and  the  verification  of  laws. 

Leslie  compared  the  reflecting  power  of  different  substances,  by 
modifying  the  apparatus  which  he  used  for  the  study  of  their  radiating 
j)Owers ;  but  we  prefer  the  apparatus  used  by  Melloni,  as  many  other 
researches  cotmected  wit]i  heat  can  be  made  with  it. 
The  following  is  a  description  of  it : — 

A  series  of  bars  of  diflbrent  metals,  usually  bismuth  tuid  anti- 
mony, B,  A,  .  .  .  are  soldered  together  at  their  extremities,  and  they  are 

arranged  in  such  a  manner  that 
all  the  even  junctures  are  on 
one  side,  and  all  the  odd  ones 
on  the  other,  as  in  Fig.  309. 
The  two  extreme  bars  of  the 
series,  one  bismuth  and  the  other 
A      HA     HA      BA     HA     B  autimouy,  are   connected  by  a 

Fio.  309.— Elements  of  the  tliernio  electric  \A\v.        mctal  wirC  ;  this  fomiS  a  thcTmO- 

electric  }nh.  Whenever  there  is 
a  difference  of  temperature  between  the  even  and  the  odd  joints, 
an  electric  current  is  produced,  either  in  one  direction  or  the  other, 
but  always  passing  from  the  bismuth  to  tlie  antimony,  on  the 
side    which    is   at   tlie    higliest    temperature.      (lenerally    a    certain 
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nunibiT  of  siinilar  elements  arc  united  in  a  bundle,  to  which  the 
fonii  uf  a  rectangular  piiHiu  is  };iveii,  so  that  bi^tli  faces  are  visible, 
one  formed  by  the  even  nnmbcr  of  joints,  the  other  liy  the  uneven. 

Whenever  ime  or  other  of  the  faces  of  the  pile  is  heated  by 
calorific  radiation,  the  current  will  be  pradnceil ;  and  we  must  now 
consider  how  its  existeiiee  can  be  proved.  The  two  conducting  wires 
are  wound  round  the  frame  of  a  galvanometer,  the  description  of 
which  will  be  found  in  liook  VI.,  which  is  devoted  to  Electricity,  aud 
the  current  acts  on  the  niaguetie  needle,  causing  it  to  deviate  either 
in  one  direction  or  in  the  other,  iieiinding  to  the  direction  of  the 


current.  The  exti'nt  of  the  deviation  tixm  then  In-  icad  on  the  dial 
of  the  fptlvanoineter,  and  tliis  showa  Ihe  intensity  of  the  curixiut, 
and,  afterwartla,  the  difTen'nt-c  of  temperature  of  the  two  faces  of 
this  pile.  The  thermo-electric  pile  thus  constituted  is  an  instrument 
of  groat  sensibility  :  if  we  touch  one  of  the  faces  with  the  finger,  or 
blow  a  puff  of  warm  air  upon  it,  it  is  sufficient  to  cause  the  needle 
of  the  galvanometer  to  be  considerably  devinted ;  on  tonc-liing  the 
same  face  with  a  cold  Imdy,  deviation  takes  place  in  the  contrary 
direction,     ^felloni  euiphiyed  the  thermo-electric  pile  for  the  measure- 
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meiit  of  the  reflceling  poirerfi  of  different  bodies,  in  the  followiog 
manner :  — 

At  A  (Fig.  311)  a  Ix)catelli  lamp,  which  is  a  heat-source  of 
constant  intensity,  was  placed ;  b  and  c  are  two  screens,  one  entirely 
opaque,  the  other  having  an  aperture  or  diaphragm,  thus  allowing 
heat-rays  from  the  lamp  to  pass  through  it,  when  the  screen  b  is 
removed. 

On  the  stand  d,  a  plate  of  the  reflecting  substance  to  be  examined 
is  placed,  and  at  E  is  the  thermo-electric  pile,  moving  on  a  scale  b  u", 
which  can  be  moved  round  the  point  u,  so  that  the  &ce  of  the  pile  can 
lie  placed  in  the  direction  of  the  reflected  calorific  rays.  Before 
placing  the  plate  on  its  stand,  the  scale  is  turned  round  the  point 


Pin,  nil.— Appuotil  utcilbr  u< 


H,  and  placed  in  a  line  with  the  scale  which  supports  the  pieces 
A,  B,  c.  The  screen  b  is  then  lowered,  and  the  deviation  of  the  needle 
of  the  galvanometer  is  measured,  which  gives  the  intensity  of  a  ray 
of  heat  radiated  directly  from  the  lamp  to  the  pile,  at  a  distance 
equal  to  the  total  lengihs  of  the  scales.  \Vlien  the  first  measure- 
ment has  been  effected,  a  second  is  made  in  oi-der  to  give  the  intensity 
of  the  reflected  ray,  and  for  this  purpose  the  different  parts  of  the 
apparatus  are  placed  as  shown  in  the  figure,  the  reflecting  plate 
being  on  its  sapjiort,  and  the  pile  protected  from  direct  radiation 
by  means  of  a  large  screen.  On  lowering  tlie  screen  b,  the  rays 
emanating  from  the  source  fall  on  the  plate,  are  thei-e  reflected,  and 
strike  against  the  face  of  the  pile,  after  having  traversed  the  same 
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distance  as  the  direct  rays  did  in  the  first  experiment.  The  needle  of 
the  galvanometer  is  deviated  to  a  certain  extent,  and  the  relationship 
of  the  two  deviations  gives  the  reflecting  power  of  the  substance. 

MM.  La  Provostaye  and  Desains  have  continued  Melloni's  re- 
searches, and  experimented  on  a  great  number  of  substances ;  they 
have  measured  their  reflecting  powers  under  different  incidences, 
varying  the  natures  of  the  source  of  heat.  They  have  discovered  that 
with  any  one  body  the  reflecting  power  remains  nearly  constant,  from 
the  normal  incidence  to  an  incidence  of  30°;  but  afterwards  it 
increases  rapidly,  in  proportion  as  the  angle  of  incidence  increases. 
The  reflecting  powers  of  metals  remain  nearly  constant  for  each 
of  them,  in  whatever  manner  their  surfaces  liave  been  worked,  pro- 
vided that  the  degree  of  polish  is  the  same.  If  the  intensity  of 
the  incident  ray  of  heat  be  represented  by  100,  that  of  tlie  reflected 
ray  is  given  by  the  following  numbers,  which  refer  to  an  incidence 
of  50" :  — 

rU'flectIng  i>owHr»,  Rndiatiug  powers.    * 

Polished  silver .     .     .     .  J)7 3 

(iold 95 3 

Red  copper       ....  93 7 

Polished  brass  ....  93 7 

Platinum 83 17 

Steel K3 17 

Gla.sH 10 90 

Lamp-black o loo 

15y  comparing  these  numbers  with  those  which  measure  tht^ 
radiating  or  emissive  powei^s  of  the  same  substances,  shown  in  the 
second  column,  we  find  a  proof  of  what  has  been  before  stated, 
viz.  that  the  radiating  and  absorlung  powers  of  a  body  must  be 
equal ;  for  the  radiating,  like  the  absorbing,  power  is  the  com- 
plement of  the  reflecting  power,  at  least  for  bodies  which  are  not 
transparent  to  radiant  heat,  and  if  we  make  due  allowance  for  the 
diffused  heat. 

Polished  metals  possess  the  greatest  amount  of  reflecting  power ; 
when  their  surfaces  are  unburnished  or  rough,  the  he^t-rays  are 
reflected  in  every  direction,  and  the  proportion  of  heat  reflected 
in  a  regular  manner  diminishes  considerably  as  the  proportion  of 
diff'used  heat  increases.  This  phenomenon  is  analogous  to  that 
observed  under  the  same  conditions  in  i\\id  case  of  light. 
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Leslie  and  Melloni  also  compared,  by  means  of  the  two  appa- 
ratus before  described,  the  absorbing  'powers  of  bodies ;  that  is  to  say, 
the  proportion  of  heat  emitted  from  a  constant  source  which  enters 
them  and  raises  their  temperature.  They  found  that,  in  this  respect, 
the  order  of  classification  of  the  various  substances  is  the  same 
as  if  they  had  been  arranged  according  to  their  emissive  powers; 
a  result  which  confirms,  to  a  certain  extent,  the  equality  of  these 
two  powers  proved  by  the  reasoning  adopted  in  the  case  of  equili- 
brium of  temperature.  We  owe  to  Leslie  the  experimental  determi- 
nation of  the  fact  that  good  reflectors  of  heat  are  bad  radiators. 

What  has  been  aptly  termed  the  Theory  of  Exchanges  of  radiant 
heat, — a  branch  of  the  subject  which  has  been  investigated  by  Prevost, 
Provostaye,  Desains,  Balfour  Stewart,  and  Kirchhoff, — may  be  stated 
as  follows : — 

I.  If  an  enclosure  be  kept  at  a  uniform  temperature,  any  sub- 
stance in  it  will  at  last  attain  that  temperature. 
11.  All  bodies  are  constantly  giving  out  radiant  heat  indepen- 
dently of  the  temperature  of  the  bodies  which  surround 
tliem. 

III.  Therefore,  when  a  body  is  kept  at  a  uniform  temperature, 

it  receives  back  as  much   heat  as  it  gives  out,  i.e,  its 
absorption  is  equal  to  its  radiation. 

This  theory  not  only  applies  to  the  quantity  of  heat  but  to  its  quality. 
That  is,  it  holds  good  not  only  in  the  case  of  dark  rays,  but  to  par- 
ticular rays  located  in  a  particular  part  of  the  spectrum  of  a  body 
visibly  luminous,  as  the  spectrum  of  the  light  emitted  by  such  a 
body  is  built  up  of  both  heat-rays  and  light-rays,  as  we  have  seen. 

Hence  to  these  statements  we  must  now  add,  according  to  th« 
researches  of  Balfour  Stewart  and  Kirchhoff: — 

IV.  Bodies  when  cold  ab3orb  the  same  rays  which  they  give  out 

when  hot. 

It  will  be  seen  that  this  is  the  same  statement  which  we  have 
already  made  conceriiin<;  light;  it  is  iu  fact  the  basis  of  spectrum 
analysis. 

The  influence  of  colour  on  the  absorption  of  heat-rays  has 
been  shown  by  Franklin's   experiments.     This   illustrious    physicist 
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placed  pieces  of  differently  coloured  stuff's  on  the  snow,  and  left  them 
for  some  time  exposed  to  solar  heat ;  they  absorbed  the  heat- 
rays,  became  wann,  melted  the  snow  beneath  them,  and  thus  sank  to 
various  depths,  and  deeper  in  proportion  as  the  colour  was  darker. 
From  this  result  it  was  thought  that  bodies  of  light  colours  are  bad 
absorbers,  and  this  again  justified  the  supposed  identity  of  rays  of 
light  and  rays  of  heat.  But  Tyndall  has  recently  proved  that  this 
conclusion  is  not  quite  exact.  According  to  this  physicist,  the  nature 
of  the  source  of  heat  must  be  taken  into  account ;  obscure  heat-rays 
are  not  aflTected  in  the  same  way  as  luminous  heat-rays.  The 
diathermanous  power  of  substances  must  also  be  considered.  Thus, 
having  taken  two  cards,  one  covered  witli  white  powdered  alum 
and  the  other  with  black  powdered  iodine,  and  having  exposed  both 
to  the  fire,  he  found  that  the  iodized  card  scarcely  warmed  at  all, 
while  the  card  covered  with  alum  became  extremely  warm ;  he 
explains  this  difference  by  the  diathermanous  property  which 
iodine  possesses  to  such  a  high  degree  ;  the  radiant  heat  pene- 
trates the  powder  and  is  reflected  on  the  limiting  surface  of  the 
molecules,  without  being  absorbed  by  them.  Moreover,  a  piece  of 
amorphous,  and  almost  black,  phosphorus,  placed  at  the  focus  of  the 
electric  light,  cannot  be  ignited,  whilst  the  same  arrangement  nearly 
instantaneously  raises  platinum  to  a  white  heat.  Tyndall  attributed 
this  curious  effect  to  the  diathermancy  of  the  phosphorus. 

This  last  property,  possessed  by  certain  substances,  in  virtue  of 
which  they  can  be  traversed  by  heat-rays  without  absorbing  them,  in 
other  words  without  their  temperature  being  raised,  exists  in  the  most 
marked  manner  in  rock-salt.  Of  1,000  rays  which  reach  the  surface 
of  a  plate  of  this  substance,  023  are  transmitted ;  the  77  rays  which 
do  not  pass  are  reflected  from  the  two  faces  of  the  plate  ;  consequently, 
there  is  no  absorption.  This  remarkable  result,  discovered  by  Mel- 
loni,  remains  the  same,  whatever  may  be  the  nature  of  the  heat-mys, 
whether  luminous  or  obscure. 

Alum  and  glass  are  only  diathermanous  as  regards  the  radiations 
of  luminous  heat ;  they  arrest  rays  of  obscure  heat :  this  is  also  the 
case  with  Iceland  spar,  rock-crystal,  and  ice.  The  thickness  of 
the  plates  has  an  influence  on  the  absorption  as  on  the  trans- 
mission of  heat-rays ;  but  this  influence  does  not  increase  in  pro- 
portion  to   the   thickness.       Thus    of   100    rays   which    reach    two 
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diathennanous  surfaces,  one  harinp  double  the  tliicknesa  of  the 
other,  62  rays  pass  through  the  thinner,  and  58  through  the 
other;  a  plate  quadruple  the  thickness  of  the  first  allows  55  rays 
to  pass. 


The  comparison  of  the  diatherniauoiis  powers  of  different  sub- 
stances is  made  by  means  of  Melloni's  apparatus,  arranged  as  in 
Fig.  '^\'l.     A  plate  of  th<'  substance   tlie  dinthernianous   power  of 


which  is  to  l>c  measured,  is  supported  ou  a  stand  i>.  Tlie  tliermo- 
electric  pile  is  ])kced  at  e,  in  the  direction  of  the  i-ays  of  heat  which 
ti-iiverso  the  aperture  made  in  the  screen  c.     The  deviation  of  the 
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needle  of  the  galvanometer,  produced  by  the  direct  rays  without 
the  interposition  of  the  plate,  is  first  ascertained ;  the  plate  is  then 
placed  on  its  stand,  and  the  deviation  produced  by  the  same  rays 
traversing  the  plate  is  noted.  The  relation  of  these  two  deviations 
gives  tlie  diathermanous  power  of  the  substance. 

To  study  the  influence  of  the  nature  of  the  heat-source,  Melloni 
substituted  in  place  of  Locatelli's  lamp  a  cube  of  boiling  water, 
a  plate  of  blackened  copper,  or  an  incandescent  spiral  of  platinum. 
These  difiTerent  heat-sources  are  represented  in  Figs.  '^3,  314, 
and  315.  In  the  experiments  he  made  on  this  subject,  Melloni  took 
care,  in  order  to  compare  the  results,  to  place  these  different  sources 
at  such  distances  from  the  pile,  that  the  direct  rays  of  heat  produced 
the  same  deviations  on  the  needle  of  the  galvanometer. 

The  following  table  shows  the  influence  of  the  nature  of  the 
source  of  heat  on  the  transmission  or  on  the  diathermanous  power 
of  different  substances  : — 


Ii<H'at<-lli'H 
lamp. 

I.'ubc  orwnt4>r 
at  100". 

TopjMT 

at  400'. 

I  nruiuleswent 
platintiiii. 

Direct  radiation 

.      .      .      100     .      . 

.      100      .      . 

100      . 

.      1(K) 

Rock-salt    .     . 

.     .     .       92     . 

.        92      .      . 

92     . 

.         92 

Iceland  spar    . 

.     .     .       39     .     . 

28     .     . 

i\     . 

0 

Glass     .     .     . 

.     .     .       39     .     . 

24     .     . 

i\     . 

0 

Rock-crystal    . 

.     .     .       37     .     . 

28     .     . 

(>      . 

0 

Alum     .     .     .     . 

9     .     . 

2     .     . 

0      . 

0 

Ice    ...     . 

.1                     • 

.    .    .       c;    .    . 

^1      . « 

0 

0 

From  these  experiments  we  conclude  that,  a.s  there  are  different 
rays  of  light,  so  also  there  are  different  rays  of  heat  which  bodies 
absorb  and  transmit  in  different  proportions,  nearly  in  the  same  way 
as  transparent  bodies  absorb  some  colours  and  allow  others  to  pass. 
Speaking  of  this  property,  Melloni  used  the  word  th^rmochr&ism, 
derived  from  two  words,  the  tirst  signifying  hr/(f  and  tlie  second 
colour. 

In  terminating  the  foregoing  remarks  concerning  radiant  heat, 
we  may  enunciate  the  following  law  relating  to  the  decrease  of  in- 
tensity with  an  increase  of  distance.  As  with  light,  the  intensity 
of  radiant  heat  varies  inversely  as  the  square  of  the  distance.  A 
very  simple  experiment,  whicli  we  have  borrowed  from  Tyndall's  work 
on  Heat,  proves  the  truth  of  this  law,  which  may  }>e  de<luc(Hl  by 
calculation. 
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One  face  of  the  tberino-electric  pile  is  furnished  with  a  cone 
which  limits  tlie  diuiensions  of  the  sheaf  of  heat-rays,  and  wluch, 
covered  on  the  inside  with  black  paper,  can  only  reflect  the  heat 
wliich  falls  obliquely  on  its  inner  surface.  For  the  source  of  radiant 
heat,  a  tin  vessel  h11e<l  with  boiling  water  is  used,  one  face  of  which 
is  covered  with  lamp-black;  this  surface  we  use  to  prove  the  law, 
by  radiation  towords  tbe  pile.  TJie  pile  furnished  with  its  cone 
is  placed  oiiposite  the  vessel,  at  a  given  distance  so  (Fig.  31G) ; 
the  needle  of  the  galvanometer  is  deviate<l  to  a  certain  extent ;  the 
pile  is  then  removed  to  double  the  distance  s'o;  the  position  of 
the  needle  of  the  galvanometer  remains  constant ;  and  this  is  the 
ease  for  any  olber  dintance.     For  each  of  these  positions,  the  total 


effect  of  radiation  is  therefore  the  same;  but  the  parts  of  the 
Burface  of  the  vessel  which  send  out  rays  of  heat  into  the  cone 
are  greater  and  greater :  these  are  circles  whose  diametera  a  b,  a'b 
increase  in  proportion  to  tbe  distance  of  the  pile  from  the  vessel, 
and  whose  surfaces  from  that  time  continue  to  increase  as  the 
squares  of  these  same  distances.  It  is  therefore  necessary  that  the 
intensity  of  radiation  diminishes  in  the  ratio  of  these  same  squares, 
in  order  that  the  effect  produced  on  the  pile  may  remain  constant  In 
a  word,  the  augmcntutiou  of  tbe  efficacious  radiating  surface  is  exactly 
compensated  for  by  the  diminution  of  the  intensity  with  the  distance: 
it  is  thus  that  tlie  law  biis  been  proved. 
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CHArrKH    V. 

TRANSMISSION    OF   HEAT   ]JY   (  ONDUCTlON. 

Slow  trausiuission  of  heat  in  the  interior  of  bodies.— Unequal  conductivity  of 
solids. — Conductivity  of  metals,  crystals,  and  non-homof^eneous  bodies. — Pro- 
pagation of  heat  in  liquids  and  gases  ;  it  is  principally  effected  by  transport 
or  convection. — Slight  conductivity  of  li({uid  and  gaseous  bodies. 

"TTTE  liave  already  seen  tliat,  if  we  hold  a  bar  of  iron,  one  end  of 
'  *  which  is  placed  in  the  fire,  in  the  hand,  the  heat  of  the  fire 
is  conmiunicated  to  the  met^l,  and  is  transmitted  from  molecule 
to  molecule  along  the  bar;  after  a  short  time,  the  temperature  rises 
so  high  that  it  commences  to  burn  our  hand,  and  obliges  us  to  remove 
it  from  the  bar.  If,  instead  of  being  iron,  the  l)ar,  still  of  the  same 
diameter  and  length,  is  of  another  met^d,  a  similar  effect  would  be 
l>roduced;  but  we  observe  tliat  the  length  of  time  which  the  heat 
takes  to  travel  along  the  bar,  and  to  heat  it  at  any  given  distance 
from  the  end  to  the  same  temperature,  varies  with  the  nature  of  the 
bar.  The  followhig  simple  experiment  will  prove  the  difference  which 
we  have  pointed  out : — 

Let  us  take  two  bars  of  equal  dimensions,  one  of  coi)i)er,  the 
other  of  iron,  and  fix  small  balls  of  wood  by  mc^ans  of  wax  at  equal 
distances  from  the  extremities  of  each  ;  now,  if  we  i)lace  the  bai^  end 
to  end  and  heat  the  extremities  in  contact  by  means  of  the  flame  of  a 
spirit  lamp  placed  at  the  point  of  junction,  we  shall  see  the  balls 
fall  one  after  the  other,  as  the  wax  is  melted  by  the  heat  which  is 
transmitted  by  means  of  conduction  along  each  of  the  bars.  But  at 
the  end  of  a  certain  time,  the  number  of  l)alls  which  have  fallen  from 
the  copper  bar  will  be  found  to  be  greater  than  the  number  of  balls 
which  have  fallen  from  the  iron  bar.     Moreover,  two  balls  situated  at 
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the  same  distance  from  the  source  of  heat  but  on  different  bars,  do 
not  fall  at  the  same  instant. 

We  will  for  the  present  leave  the  consideration  of  the  rapidity 
vvith  wliicli  lieat  is  transmitted  along  each  bar,  and  study  the  first 
effect,  viz.  the  comparative  distance  at  which  a  certain  degree  of 
temperature  (here  it  is  that  of  the  fusion  of  wax)  can  be  most  quickly 


Fio,  317.— Uncqnal  conductivities  of  copper  aiul  iron. 

attained  by  the  two  metals.  Copper,  in  which  we  have  found  this 
distance  to  be  first  attained,  is  said  to  be  a  better  conductor  of  heat 
than  iron. 


Pio.  318. — Ingenhouz'  apparatus  for  measuring  conducting  iMtwent. 


Fig.  318  represents  an  apparatus  invented  by  Ingenhouz  and 
niodified  by  Gay-Lussac,  which  is  used  to  compare  the  conducting 
powers  of  solids.  Cylindrical  rods  of  each  of  the  substances  to  be 
compared  are  covered  with  layers  of  wax  of  equal  thickness,  and  are 
placed  horizontally,  so  that  one  of  their  extremities  is  immersed  in 
a  bath  of  oil  or  boiling  water,  while  the  other  passes  through  the 
sides  of  the  vessel  which  contains  the  liquid.  The  heat  of  the  liquid 
is  transmitted  along  each  rod,  and  melts  the  wax  at  distances  which 
are  greater  as  the  conductivity  of  the  substance  increases.  Other 
processes  have  been  devised  for  the  measurement  of  the  conducting 
powers  of  solids ;  but  the  one  we  have  just  described  is  sufficient 
to  show  how  dilfereut  l)odies  can  be  aiTan<.jed  in  the  order  of  their 
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couductivity.     The  following  is  the  order  and  degree  of  conductivity 
of  the  princii)al  metals : — 


Silver l,(XH> 

Copper 77G 

Gold 532 

Brass 236 

Zinc 190 

Tin 14r> 


Iron 119 

Steel 11(> 

Lead 85 

Platinum 84 

Palladium 63 

Bismuth 18 


Of  all  solid  l)odies  metals  are  the  best  conductoi-s  of  heat,  always 
excepting  bismuth.  Stone,  glass,  and  marble  are  much  less  so  than 
metals  ;  histly,  wood-charcoal  prei)ared  at  a  low  temperature,  that  is  to 
say  not  calcined,  and  organic  substances  generally,  pulpy  fruits  and 
plants,  and  the  tissues  of  animals  and  vegetables,  are  bad  cx>nductors. 
The  preceding  numbers  indicate  the  great  difference  in  the  conduc- 
tivities of  metals.  This  difference  may  be  illustrat^jd  in  a  very  simple 
way,  by  plunging  two  spoons,  one  of  Germtm  silver  and  the  other 
of  pure  silver,  into  the  same  vessel  of  hot  water.  After  a  little  time 
the  free  end  of  the  silver  spoon  is  found  to  l)e  much  hotter  than  that 
of  its  neighbour ;  and  if  pieces  of  phosphorus  be  jdaced  on  the  ends  of 
the  spoons,  that  on  the  silver  will  fuse  and  ignite  in  a  very  short 
time,  while  the  lieat  transmitted  through  the  other  spoon  will  never 
reach  an  intensity  sufficient  to  ignite  the  phosphorus. 

The  reason  of  this  is  accounted  for  by  the  diflerence  between 
the  conducting  i)ower  of  the  silver  and  that  of  the  German 
silver ;  for  the  first  is  represented  by  1,000,  the  second  by  60. 
The  following  experiment  demonstrate  that  the  conductil)ility  of 
a  substance  does  not  depend  on  the  rapidity  with  which  lieat  is 
transmitted  through  its  interior.  Two  short  cylinders  of  the 
same  volume,  one  of  iron,  the  otlier  of  bismuth,  have  each  one 
of  their  extremities  coated  with  white  wax  ;  they  are  then  i>laced 
on  the  cover  of  a  vessel  filled  with  liot  w^ater,  their  waxed  ends 
being  uppermost.  The  heat  of  the  vessel  is  transmitted  through  eacli 
cylinder,  and  the  wax  on  both  will  melt ;  but  that  which  covers  the 
bismuth  will  melt  first.  Nevertheless,  the  conductivity  of  bismuth, 
according  to  the  foregoing  table,  is  six  times  less  than  that  of  iron. 
What  therefore  can  l>e  the  reason  of  the  phenomenon  described  ?  It 
is  due  to  the  fact,  that  to  raise  the  tw^o  metals  of  the  same  weight  to 
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the  same  temperature,  about  four  times  more  heat  is  required  for  iron 
than  for  bismutli ;  the  heat  received  by  the  iron  is  therefore  in  great 
part   expended   in   mising   its    temperature,   and   tliis   explains  the 
relative   slowness  with  which  the 
transmission  tiirough  its  mass  takes 
place.     To  rightly  obseire  the  dif- 
ference   between    the    conducting 
powers  of  iron  and  bismuth,  it  is 
necessary  to  take  two  bars  of  the 
same  diameter,  to  measure  the  dis- 
tances from  the  source  of  heat  of 
the  points  which  possess  the  same 
temperature    at    the    moment    of 
equilibrium,  and  to  take  tlie  squares 
of    the    numbers    which    measure 
*''"'i™w!ii[,S^rCrth HiSof'wBd'mth!** "'    these  distances,  which  will  give  the 
relative  conducting  powers. 
The  ff>regoing  remarks  refer  to  homogeneous  bodies.      In  solids 
wliusc  structure  is  not  the  same  in  every  direction — for  example, 
doubly  refracting  crystiils,  Iceland  spar,  (quartz,  &c — the  conductivity 
varies  with    the   direction  of  transmission  of 
the  heat     TJiere  is  a   complete  analogy  lie-      -'-\ 
tween  tlie  mode  in  whicli  heat  is  propagated 
in  these  bodies,  and  that  which  relates  to  thu 
movement   of   light.     Thus,  let  us  tJike  two 
plates   of    quartz,   one   cut   jmrallel  and   the 
other   perpendicular  to  the   optic  axis ;   coat  i 

both  of  the  sections  with  wax,  and  pierce  them  \/ 
with  a  hole,  through  which  a  wire  heated  by  Fir.,  aou  — 
an  electric  current  is  passed:  on  passing  the  "  ' 
current  we  observe  that  the  wax  melts  around  the  wire ;  but  whilst 
the  stratum  limiting  the  melted  wax  is  an  ellipse  in  the  first  plate, 
in  the  second  it  is  a  perfect  circle  (Fig.  320),  which  proves  the 
unequal  conductivity  in  the  two  directions.  The  conductivity  of 
wood  is  greatest  in  the  direction  of  the  fibres,  and  much  less  in 
a  direction  perjiendicular  to  this. 

The  unequal  conductivity  of  different  solids  is  utilized  in  many 
ways.     Todls  and  metal  utensils,  which  require  to  be  submitted  lo  s 


^&r 


CHAP,  v.]     TRANSMISSION  OF  HEAT  BY  CONDUCTION.         491 


h\\^\\  temperature,  are  furnished  with  non-couductiiig  handles — of  wood 
or  ivoiy,  for  instance — which  almost  entirely  stop  the  transmission  of 
heat.  Cotton,  silk,  and  especially  woollen  fabrics,  are  l>ad  conductors  ; 
they  are  therefore  useful  for  preserving  the  l)ody  from  excessive  heat 
or  cold.  In  simmier,  they  prevent  the  exterior  heat  from  penetrating 
to  our  lx)dies ;  and  in  winter,  on  the  contrary,  the  heat  of  the  body 
is  retained  on  account  of  the  difficulty  of  its  transmission  through 
thick  clothes.  Moreover,  it  is  not  alone  the  substance  of  which  they 
are  composed  which  gives  this  pr()i)erty  to  the  fabric,  for  the  mode 
of  manufacture  also  influences  it.  Between  the  threads,  air  is  inter- 
posed, which  remains  at  rest,  and,  like  all  gases  in  a  state  of  rest,  it 
conducts  heat  very  badly  ;  heat  therefore  passes  with  great  difficulty 
through  the  fabric.  Eider  down  preserves  heat  much  bett<3r  than  a 
closely  made  and  heavier  woollen  coverlet  would  do. 

We  might  multiply  these  examples  to  any  extent,  but  will  confine 
ourselves  to  two  or  three  curious  exj^eriments  based  on  the  differences 
of  conductivity  of  solids.  A  metal  l)all  is  tightly  wrapped  up  in  fine 
cloth,  in  such  a  manner  that  the  contact  is  close ;  we  then  take  a 
coal  from  the  fire  and  place  it  on  the  ball  thus  enveloped,  the  fabric 
remains  intact;  and  if,  to  inci'case  its  combustion,  the  coal  is  blown 
upon,  the  cloth  is  not  burnt.  The  reason  of  this  is  that  the  heat 
received  by  the  linen  is  immediately  monopolized  by  the  good- 
conducting  metal,  and  disseminated  through  its  mass. 

If  before  lighting  a  giis-lamj)  a  piece  of  fine  wire-gauze  is  jdaced 
above  the  jet,  and  the  gas  then  turned  on,  it  will  spread  below 
and  alx)ve  the  gauze.  If  it  is  lighted  underneath,  the  combustion 
remains  confined  to  the  lower  part  of  the  jet  of  gas ;  if,  on  the 
contrary,  it  is  lighted  above,  the  upper  j)art  of  the  jet  will  alone 
continue  to  burn  (Fig.  321).  In  both  instances,  the  interposition  of 
the  wire-gauze  is  sufficient  to  limit  the  combustion,  and  the  reason  is 
obvious :  the  meshes  of  the  gauze  form  an  excellent  conductor  of  the 
heat  developed,  which  si)reads  rapidly  over  the  wire,  and  does  not 
allow  the  fiame  a  sufficiently  high  temperature  for  its  existence  on 
the  other  side  of  the  gauze.  An  important  application  of  this  pro- 
perty of  metallic  gauzes  exists  in  Davy's  safety  lamps,  which  are 
used  by  miners.  The  metallic  netting  which  envelopes  the  light 
prevents  the  ignition  and  ex^dosion  of  the  fire-damj), — a  dangerous 
gas  which  escapes  plentifully  into  coal-pits. 

1  I 
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Asbestos  and  amianthus  are  two  silky  mineral  substances,  noted 
tor  their  incombustibility,  Tliey  are  very  bad  conductors  of  heat,  and 
with  a  glove  of  amianthus  a  red-hot  ball  may  be  held  in  the  hand 
without  danger  of  burning.  In  tliis  instance,  the  heat  cannot  be 
transmitted,  it  is  intercepted ;  in  the  preceding  example  it  is,  on  the 
contrary,  ra}>idly  absorbed ;  in  botli  cases  its  transmission  by  means 
of  conduction  is  limited. 

The  experiments  which  have  been  made  in  order  to  measure  the 
conductivity  of  liquids  and  gases  prove  that  it  is  very  slight.  Never- 
theless, heat  is  transmitted  with  some  rapidity  through  these  media ; 
it  is,  however,  transmitted  not  by  conduction  but  by  convection,  that  is  to 
say,  by  direct  transi)ort  of  the  heated  parts.  Tlie  cause  of  these  move- 
ments may  be  easily  understood :  when  a  liquid  is  heated,  its  density 
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diminishes ;  then,  as  a  consequence  of  the  principle  of  Archimedes, 
it  tends  to  rise  and  to  displace  the  denser  strata  above  it.  Tliis 
happens,  when  a  liquid  is  heated  at  the  bottom  of  the  vessel  which 
contains  it;  if  tlie  li(j[uid  is  heated  laterally,  the  currents  which  are 
established  start  only  fi*om  the  sides,  instead  of  starting  from  all  jmrts 
of  the  bottom  of  the  vessel;  the  heating  in  this  case  is  much  less 
rapid.  The  existence  of  currents  is  ejusily  proved,  if  a  material  of 
the  same  density  as  the  liquid  is  mixed  with  it,  such,  for  example, 
us  sawdust.  This  remains  8us])ended  in  water,  and  on  heatui*' 
the  vessel  the  movement  of  the  particles  can  be  traced  from  toii  to 
bottom  and  from  bottom  to  top,  ])r()ving  the  existence  of  currents: 
the  ascending  currents  ])rocee(l  from  the  heated  parts,  which  rist*, 
while  the  desctMiding  currents  are  due  to  tlie  denser  ])arts,  which  takr 
the  place  of  the  first.  Ifeat  is  therefore  diffused  through  the  wlmlo 
liijuid,  and  is  thus  tninsuiilted. 


CHAP,  v.]     TRANSMISSIOy  OF  HEAT  BY  CONDUCTION.         483 


Nevertlieless,  liquids  possess  some  actual  conductivity,  as  has 
been  proved  by  M.  Despretz,  who  heated  from  alx)ve  a  liquid  con- 
tained in  a  cylindrical  vessel.  Twelve  thermometers,  the  bulbs  of 
which  were  placed  at  different  heights  in  the  litjuid,  witli  their  stems 
outside,  indicated  decreasing  temperatures  from  the  upper  strata 
to  the  middle  of  the  vessel  which  was  a  metre  in  height ;  the  six 
lower  thermometers  did  not  rise  ])erceptil)ly.  The  conductivity  of 
li(iuids  is  thus  established,  but,  as  before  stated,  it  is  very  slight. 

Tlie  conductivity  of  gases  cannot  l)e  established;  all  that  we  know 
is,  that  they  are  certainly  very  bad  conductors  of  heat.  Gaseous  masses 
are  heated  like  liquid  masses,  by  tninsport  or  convection  :  in  virtue 
of  their  great  dilatability,  as  soon  as  a  pn-tion  of  a  gaseous  mass 
is  lieated,  either  by  radiation  or  contact,  its  volume  increases,  and 
movements,  w^hich  quickly  heat  the  different  strata,  result.  The  heat 
is  thus  conveyed  as  in  liij^uids,  but  with  still  greater  rapidity.  Again, 
if  the  movements  of  which  w^e  speak  are  confined  by  enclosing  the  gas 
in  the  interstices  existing  between  thin  pieces  of  fibrous  substances, 
like  cotton,  w^ool,  unspun  silk,  down,  &c.,  the  gas  acquires  heat  with 
difficulty,  as  litis  been  j)roved  by  many  experiments  of  Thomson. 
We  have  already  seen  that  it  is  partly  owing  to  the  fact  of  gases 
being  bad  conductors  of  heat  when  at  rest,  that  clothes  preserve  the 
l»ody  from  losing  heat  during  cohl  we^ither. 
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CHAPTEK  VI. 

CALORIMETKY. — SPECIFIC   HEAT   OF   BODIES. 

Definition  of  a  unit  of  heat.—  Heat  absorbed  or  disengaged  by  bodies  during  vari- 
ations in  their  temperature. — Specific  heat  of  solids. — Latent  heat  of  fusion. 
— Ice-calorinieter  — Latent  heat  of  vaporization  of  water. 

TITHEN"  a  Ixxly  is  heated  or  cooled  through  a  certain  number  of  de- 
"  ^  grees,  we  say  that  it  gains  or  loses  a  certain  quantity  of  heat  > 
l)ut  tlie  thermometer  which  shows  us  these  variations  indicates  nothing 
as  to  the  value  of  tliis  (quantity :  we  must  not  therefore  give  the  precise 
etymological  sense  to  the  word  theniiometer.  The  thermometer 
measures  temperatures,  not  quantities  of  heat.  We  shall  find,  indeed, 
that  the  heat  necessary  to  raise  a  given  weight  of  a  body  through  a 
certain  number  of  degi^es,  varies  with  the  nature  and  physical  condi- 
tion of  the  body ;  l>eyond  certain  limits  of  temperature,  it  varies  also 
for  the  same  substjince. 

Before  proceeding  further,  we  must  explain  what  is  meant  by 
quantify  of  heat.  We  know  nothing  of  the  intimate  nature  of  heat ; 
the  analogies  which  we  have  endeavoured  to  establish  between 
radiant  heat  and  light,  have  induced  physicists  to  imagine  that 
calorific  i)henomena,  like  luminous  phenomena,  are  produced  by 
the  vibrations  of  the  ether ;  but  the  manner  in  which  these  vibra- 
tions, after  penetrating  into  the  interior  of  bodies,  produce  changes  of 
volume  and  condition,  is  a  question  which  science  has  not  yet  solved, 
and  which  has  only  been  answered  by  conjecture.  Nevertheless, 
researches  of  great  importance  have  placed  beyond  doubt  the  im- 
portant fact  that  heat  can  V)e  i)roduced  by  mechanical  means,  and^ 
conversely,  that  it  can  be  transformed  again  into  mechanic^  work 
susceptible  of  being  accurately  measured  ;  in  a  word,  that  heat  can 
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be  assimilated  to  force  and  measured  like  other  physical  forces. 
We  shall  hereafter  endeavour  to  explain  what  is  understood  by  the 
ifuchanical  equivalent  of  heat 

Without  passing  beyond  the  domain  of  licat  itself,  we  will  now 
state  how  it  is  possible  to  compare  the  quantitios  of  heat  which  are 
absorbed  or  disengaged  during  variations  in  tlie  temperature  as  well 
as  in  the  changes  of  condition  of  solid,  liquid,  and  gaseous  bodies. 
This  division  of  the  science  of  heat  is  known  as  calorimetri/, 

A  unit  of  heat,  or  calorie,  is  tlie  (quantity  of  heat  necessary  to  raise 
from  0"*  to  1°  centigrade  one  kilogramme  (iu  England  one  pound)  of 
water.     It  is  evident  therefore  tliat,  if  a  certain  number  of  calories 
are  requisite   to  raise   the  temi)erature   of    the   unit   of    weight   a 
certain  number  of  degrees,  2,  3,  4,  ...  .  more  would  be  rei^uii-ed  to 
raise  the  temperature  the  same  number  of  degrees  of  a  weight  2,  3,  4 
times  greater.     Therefore  the  quantities  of  heat  are  proportional  to 
the  weights.     It  is  also  considered  as  established,  that  the  heat  requi- 
site to  raise  the  temperature  of  a  given  weight  through  a  certain 
number  of  degrees,  is  equal  to  that  which  it  disengages  on  returning 
to  its  initial  temperature.     A  very  simple  experiment  also  proves  to 
us  that  the  quantity  of  heat  absorbed  during  a  certain  elevation  of 
temperature    is    perceptibly  constant,  whatever   may  be  the  initial 
temperature. 

Into  a  vessel  which  has  l>een  heated  to  25°,  a  kilogramme  of 
water  at  0**  is  i)oured,  and  a  second  at  50° ;  then,  after  having  rapidly 
stirred  the  mixture,  a  thermometer  on  being  plunged  into  it  shows 
the  temperature  of  the  mixture  to  be  25°.  Thus  the  heat,  transferred 
by  the  kilogramme  of  water  at  50°  to  the  kilogramme  at  0°,  raises  the 
temperature  of  the  second  kilogramme  to  25° ;  at  tlie  same  time,  the 
loss  of  heat  undergone  by  the  first  has  lowered  its  temperature  from 
50"  to  25**.  Finally,  this  experiment  proves  that  the  heat  necessary 
to  raise  a  definite  weight  of  water  from  0°  to  25°,  would  raise  the 
same  weight  of  water  from  25°  to  50°.  The  initial  temperature  has 
therefore  no  influence  on  the  quantity  of  heat  absorbed. 

This,  however,  is  only  true  within  certain  limits,  which  vary  with 
different  substances :  thus,  two  kilogrammes  of  mercury,  one  at  200°, 
the  other  at  0°,  mixed  together,  give  two  kilogrammes  of  mercury,  not 
at  100°,  the  mean  temperature  Injtween  the  two  extremes,  Imt  at 
102°'85,  a  higher  temperature  than  the  mean.     Beyond  100°,  mercuiy 


4S6  PII  YSrCA  L  PHENOMENA .  [book  iv. 

absorbs  or  disengages  more  beat  for  a  like  variation  of  temperature 
tban  below  100°.  Lastly,  a  third  experiment  shows  that  the  quan- 
tities of  heat  wliich  we  have  just  compared,  vary  with  the  nature  of 
the  substances.  If  we  mix  separately  one  kilogramme  of  water  at 
0°  with  a  similar  weight  of  mercury  or  essence  of  turpentine  at  100°, 
or  place  in  it  a  kilogramme  of  copper  at  100°,  a  gain  of  heat  for  the 
water  and  loss  for  the  other  substances  will,  as  in  the  previous 
instances,  result ;  and  in  each  experiment  it  will  be  obvious  that  the 
gain  will  l)e  e([ual  to  the  loss.  But  in  the  first  instance  the  tempera- 
ture of  the  mixture  will  be  3°'2.  in  the  seconrl  30°,  and  in  the  third 
case  8°*6.  We  see  therefore  how  much  heat  is  requisite  to  produce 
the  same  variation  of  temperature  in  equal  weights  of  difTerent  sub- 
stances. This  is  explained  by  saying  that  every  substance  has  a 
calorific  capacily,  or  specific  hmt,  belonging  to  it,  and  specific  heat 
may  be  defined  as  the  quantity  of  heat  which  is  necessary  to  raise 
the  temperature  of  a  kilogramme  (or  pound)  of  a  substance  from 
0°  to  li.  This  quantity  of  heat  is  expressed  in  calories  or  heat- 
units,  which  evidently  amounts  to  taking  for  unity  the  specific 
heat  of  water. 

Various  methods  have  l)€en  employed  by  physicists  for  the 
measurement  of  the  specific  heat  of  solids.  One  of  these — the 
metliod  of  mixtures — consists  in  plunging  the  body,  the  tempera- 
ture of  which  is  known,  into  a  bath  of  water  or  any  other  liquid 
at  an  equally  fixed  temperature :  when  the  temperature  of  the 
mixture  has  l)ecome  stationary,  it  is  measured,  and,  by  a  simple 
calculation,^  the  relation  of  the  specific  heats  of  the  solid  and 
liquid  is  obtained.  This  method  is  applied  equally  to  liquids. 
Certain  precautions  are  taken  when  the  bodies  placed  in  contact 
exercise  a  chemical  action  on  each  other ;  moreover,  the  heat  absorbe<l 
by  the  vessel  is  noted  by  the  thermometer  it^lf,  and  lastly  the  losses 
caused  by  radiation.  The  following  is  a  table  giving  the  specific  heats 
of  different  solid,  licjuid,  and  gaseous  bodies  ;  it  proves  that  water  of 

*  This  calculation  consists  in  solving  an  equation — the  first  part  of  which 
expres8e.s  the  (quantity  of  heat  lost  by  the  body,  and  consequently  transfenrd  to 
the  bath  and  vessel :  the  second  coniprisinj^  two  terms— the  first,  the  heat  gained 
by  the  liquid  ;  the  second,  the  heat  jrained  by  the  vessel  which  contains  it.  It  is 
evident  that,  putting  aside  the  extenial  mdiation  of  the  licpiid  and  ve.s.sel,  the  loi^s 
and  the  ^nins  jir*^  conipensated  :  henro  tho  equntion  and  solution  of  the  problem. 
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all  substances  (wdtli  the  exception  of  hydrogen,  the  specific  heat  of 
which  is  three  times  that  of  water)  absorbs  or  disengages  the  greatest 
quantity  of  heat  for  equal  variations  of  temperature : — 

Rul)8tanceri.  Hpecitic  lient 

Water 1,001) 

Hydrogen 3,294 

Essence  of  tuq)entine 0,42() 

Air 0,207 

Sulphur 0,203 

Glass 0,198 

Iron •.  0,114 

(yopiKT 0,095 

Silver 0,057 

Tin 0,056 

Mercury 0,033 

Gold 0,032 

Platinum 0,032 

Lead 0,031 

Bismuth 0,031 

But  we  must  not  forget  that  these  numbers  represent  the  quan- 
tities of  heat  necessary  to  raise  equal  weights  of  these  iKjdies  from 
0°  to  1°,  and  that  they  only  remain  constant  within  certain  limits 
of  temperature.  Tliey  vary  but  little  from  0°  to  100"* ;  but  this  is 
no  longer  the  case  at  higher  temperatures.  The  specific  heat  of 
mercury,  for  instance,  which  is  0033  witliin  these  limits,  becomes 
0035  beyond  100"*.  The  physical  condition  of  bodies  also  causes  the 
specific  heat  of  the  same  substance  to  vary ;  in  the  solid  state  it  is  less 
than  in  the  liquid  state,  and  in  the  gaseous  state  it  regains  perceptibly 
the  value  which  it  had  in  the  solid  state :  thus  the  capacity  of  ice, 
which  is  nearly  equal  to  that  of  steam,  is  scarcely  half  that  of 
water.  When  the  density  of  a  metal  is  increased,  by  liammeriiig  for 
example,  its  specific  heat  is  diminished.  This  explains,  to  a  certain 
extent,  a  result  deduced  I'rom  the  preceding  table,  viz.  that  the 
densest  bodies  have  generally  the  smallest  capacity  for  heat. 

Dulong  and  Petit  discovered  a  remarkable  law,  which  has  been 
verified  by  M.  Regnaiilt  in  his  beautiful  researches  on  the  si)ecific 
heats  of  bodies.  It  is  well  known  that  chemists  consider  simple 
bodies  as  formed  of  irreducible  parts  or  atoms,  the  weight  of 
which  is  called  the  chemical  equivalent  of  the  body.  The  weight  of 
the  atom  of  hydrogen   being   taken   aa  unity    that  of  an  atom  of 
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mercury  is  100,  that  of  sulphur  16,  ami  so  on.  This  being  granted, 
let  us  now  inquire  what  quantity  of  heat  will  be  necessary  to  raise 
the  tem])erature  of  an  atom  of  sulphur  1°;  and  what  quantity  like- 
wise will  be  absorbed  by  an  atom  of  mercury  to  raise  its  tempera- 
ture r.  It  is  evident  from  the  foregoing,  that  we  must  multiply 
the  weights  100  and  IG  of  each  atom  by  the  specific  heat  of 
the  simple  body  to  which  it  belongs ;  that  is  to  say,  by  0*033  and 
0  203 :  the  products  will  be  j»roportional  to  the  quantities  of  heat 
sought.  Now,  100  X  0033  gives  33,  and  16  x  0203  gives  3*248: 
tlie  products  are  thus  sensibly  equal,  and  the  same  happens  if  we 
take  any  other  two  simple  bodies.  This  law  may  be  enunciated  as 
follows: — Tlie  same  quantity  of  heat  is  required  to  raise  the  tem- 
perature of  an  atom  of  any  simple  body  the  same  number  of  degrees ; 
or,  again,  the  atomic  sj)ccijic  heat  is  the  same  for  all  substances. 

AVe  have  seen  that  the  specific  heat  of  water  is  nearly  four  times 
greater  tlian  tliat  of  air;  thence  it  follows  that  1,000  kilogrammes 
of  water,  on  being  cooled  1^  disengage  an  amount  of  heat  sufficient 
to  raise  tlie  temperature  of  4,000  kilogrammes  of  air  1.**  But 
4,000  kilogrammes  of  air  occupy,  under  the  normal  barometric 
pressure  and  at  0°,  a  volume  770  times  that  of  a  like  weight  of 
water;  that  is  to  say,  a  volume  of  3,080  cubic  metres:  the  con- 
sequences of  which  fact  are  thus  explained  by  Tyndall  in  his  work 
on  Heat: — 

"  The  vast  influence  which  the  ocean  must  exert,  as  a  moderator 
of  climate,  here  suggests  itself.  The  heat  of  summer  is  stored  up  in 
the  ocean,  and  slowly  given  out  during  the  winter :  hence  one  cause 
of  the  absence  of  extremes  in  an  island  climate.  The  summer  of  the 
island  can  never  attain  the  fervid  heat  of  the  continental  summer,  nor 
can  the  winter  of  the  island  be  so  severe  as  the  continental  winter. 
In  various  jmrts  of  the  Continent,  fruits  grow  which  our  summers 
cannot  ripen ;  but  in  these  same  parts  our  evergreens  are  unknown ; 
they  cannot  live  througli  the  winter  cold.  Winter  in  Iceland  is, 
as  a  general  rule,  milder  than  in  Lombardy." 

In  quoting  these  remarks,  we  must  not  forget  that  the  particular 
facts  related  by  TyndaU  do  not  depend  only  on  the  vicinity  of  the 
ocean  and  the  high  specific  heat  of  \vator,  but  also  on  the  elevation 
of  temperature  in  Iceland  by  the  great  lukewarm  current  of  water 
known  as  the  Gulf  Stream. 
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In  describing  the  phenomena  of  fusion  of  solids,  and  the  v&poriza- 
tion  of  liquids,  we  insisted  on  the  general  fact,  that  the  temperatures 
of  the  melting  and  of  the  boiling  point  are  fixed  for  each  body, 
independently  of  the  intensity  of  the  source  of  heat  wliich  determines 
the  result,  or  the  rapidity  with  which  these  changes  of  condition  are 
effected.  These  temj^eratures  are  the  same,  moreover,  as  those  of  the 
inverse  phenomena  of  solidification  of  liquids  and  liquefaction  of 
vapours.  Thus,  wlien  a  piece  of  ice  melts,  its  temperature  remains  con- 
stant at  0°,  and  all  the  heat  furnished  by  the  fire,  whatever  may  be  its 
intensity,  is  consumed  in  reducing  the  ice  to  the  liquid  condition  and 
in  maintaining  this  condition.  We  have  here,  therefore,  a  quantity 
of  heat  absorbed  by  a  body  which  does  not  raise  its  temperature,  and 
consequently  does  not  become  sensible  to  the  thermometer.  On  this 
account  it  is  called  latent  heat.  It  is  the  latent  heat  of  fimcyai  or 
liquidity,  or,  better,  the  latent  heat  of  elasticity,  according  as  it  i-efers 
to  the  passage  from  the  solid  to  the  liquid  condition,  or  to  the  passage 
of  the  liquid  to  the  gaseous  condition.  It  is  very  evident,  therefore, 
that  the  heat  w^hich  is  absorbed  in  these  two  instances  is  disengaged 
when  the  substance  returns  to  its  primitive  condition.  The  latent 
heat  of  different  substances  has  been  detennined  by  methods 
analogous  to  those  which  are  employed  in  the  ciise  of  specific  heat. 
We  shall  confine  ourselves  here  to  the  results  obtained  in  the  melting 
of  ice,  because  it  will  enable  us  to  describe  another  process  for 
determining  the  specific  heat  of  bodies. 

It  has  been  found  that  the  latent  heat  of  fusion  of  ice  is  79*25 
calories ;  that  is  to  say,  that  the  quantity  of  heat  absorbed  by  a  kilo- 
gramme of  ice  during  melting,  would  be  sufficient  to  mise  79*25 
kilogrammes  of  water  from  0°  to  the  temperature  of  1°;  or,  again, 
to  raise  a  kilogramme  of  w^ater  from  0°  to  79°*2r).  Therefore,  when 
a  kilogramme  of  ice  at  0°  is  melted  in  a  kilogramme  of  water  at 
79*''25,  the  two  kilogrammes  of  water  produced  possess  a  temperature 
of  0°.  The  knowledge  of  this  result  permits  the  determination  of  the 
specific  heat  of  a  body  by  ascertaining  experimentally  the  weiglit  of 
the  ice  which  can  be  melted  by  lowering  its  own  temperature  to 
0^     The  following  is  the  process: — 

A  cavity  is  made  in  a  comjiact  and  homogeneous  block  of  ice,  the 
sides  of  which  are  carefully  dried  ;  a  piece  of  the  substance,  the  tem- 
perature of  which  is  above  0°,  whose  specific  heat  is  sought,  is  then  in- 
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troduced  ;  a  thick  pktc  of  ice  is  then  placed  over  the  cavity,  to  which 
it  serves  as  a  coverinj;  (F^;.  322).     During  the  act  of  cooling,  the 
substance  melta  a  portion  of  the  ice  with  which  it  is  in  contact,  and 
r-  the  resulting  water  is  collected  and  weighed. 

I       Let  us  suppose  that  the  result  is  100  grammes 
of  water;  it  is  evident  that  the  heat  disengaged 
hy  the  body  during  its  cooling  to  0°,  has  been 
the  tenth  part  of  7925  calories  or  7'925  calories. 
By    hypothesis    the    body    we^hed    2   kilo- 
i''in.32t.-MFuunnfibea|»ctii<' grammes,  and  was  at  first  at  the  temperature 
"  ciorimetrr'"  ""      of  ^'>° ;  then,  dividing  7-925  by  35,  and  aftflr- 
wards  by  2,  the  quantity  of  Iieat  disengaged  by  1  kilogramme  for 
a  variation  of  1°  will  be  found ;   that  is  to  say,  the   specific   heat 


S 


<if  the  hoily.     In  tlie  particulnr  case  we  have  chosen  it  would  be  0113, 
tlie  specific  heat  of  iron. 
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Instead  of  ice  cavities,  the  ice  calorimeter  invented  by  Laplace 
and  Lavoisier  may  be  preferably  employed.  Y\^.  323  represents  it  in 
section  and  elevation.  It  is  an  instrument  formed  of  tbixje  vessels, 
which  are  placed  one  within  the  other,  while  the  spaces  between  them 
are  filled  with  pounded  ice.  The  heated  body  is  placed  in  the  smallest 
vessel ;  during  cooling  it  melts  a  certain  amount  of  ice,  and  the  water 
is  collected  by  a  stopcock  at  the  bottom  of  the  vessel.  The  ice 
between  the  two  outer  vessels  prevents  the  fusion,  by  external  heat, 
of  that  which  is  in  contact  with  the  heated  body. 

These  methods  do  not  give  very  exact  results ;  if  we  have  preferred 
them  to  more  perfect  methods,  it  is  because  onr  aim  is  principally  to 
explain  the  possibility  of  measuring  quantities  of  heat.  Those  who 
desire  to  extend  their  knowledge  on  this  subject  must  have  recourse 
to  special  works,  among  which  we  may  mention  the  beautiful  Memoirs 
of  M.  Regnault  on  the  specific  heats  of  vapours  and  gases. 

A  kilogramme  of  water,  at  the  boiling-point,  or  100**,  requires  536 
calories  in  order  to  convert  it  into  steam.  During  the  condensation 
of  the  steam  thus  formed,  it  will  disengage  the  same  (quantity  of  heat ; 
the  application  of  steam  to  the  warming  of  buildings  is  based  on  this 
fact.  In  the  arts,  the  latent  heat  of  steam  is  also  employed  to  raise 
the  temperature  of  large  masses  of  liquid. 
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CHAPTER  VII. 


SOURCES     OF     HEAT. 


Solar  heat ;  measure  of  itn  intensity  at  the  surface  of  the  earth,  and  at  the  limit* 
of  the  atmosphere ;  total  heat  radiated  by  the  sun. — Temperature  of  space. 
— Internal  heat  of  the  globe. — Heat  disengaged  by  chemical  combinations; 
combustion. — Heat  of  combustion  of  various  simple  bodies. — Production  of 
high  temperatures  by  the  use  of  the  oxyhydrogen  blowpipe. — Generation  of 
heat  by  mechanical  means :  friction,  percussion,  compression. 

T  T  follows  from  our  foregoing  study  of  calorific  phenomena,  that  two 
-^  or  more  bodies  when  in  the  presence  of  each  other  make  a 
mutual  and  continuous  exchange  of  heat,  either  by  radiation  at  a 
distance,  or  by  conduction.  From  this  point  of  view,  a  piece  of 
ice  at  0°  C.  is  a  source  of  heat  to  a  body  which  is  at  a  lower  tem- 
perature  than  its  own. 

However,  in  general  language,  this  expression  "  source  of  heat,"  or 
"  heat-source,"  is  more  particularly  reserved  for  bodies  which  possess 
high  temperatures,  and  which  emit  in  a  continuous  manner  a  certain 
quantity  of  heat  for  a  limited  or  even  for  an  apparently  indefinite 
time.  Incandescent  solids  and  gases,  fire  and  flame,  are  sources  of 
heat  according  to  tliis  view:  in  the  same  category  may  be  placed 
bodies  which  emit  obscure  heat  at  a  high  temperature,  for  instance 
boiling  water. 

Lastly,  the  expression  "  source  of  heat "  is  also  given  to  the 
different  modes  of  production  of  heat :  in  this  sense,  ftiction,  per- 
cussion, electricity,  and  combustion — that  is  to  say,  certain  physical 
or  chemical  actions — are  sources  of  heat.  The  heat  w^hich  organized 
and  living  bodies  emit,  is  of  the  same  order. 

Sometimes  sources  of  heat  are  classed  as  temporary  and  accidental, 
natural  and  artificial,  cosmical  and  terrestrial ;  but  these  distinctions, 
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which  are  not  based  ou  the  natui*e  of  the  heat-sources,  teach  us 
notliing  more  than  that  there  may  be  a  particular  study  of  each 
kind.  We  will  therefore  review  them  one  after  the  other,  beginning 
with  the  sun,  the  most  important  of  all, — at  least  to  the  eartL 

The  appearance  presented  to  us  by  the  sun  is  probably  due 
to  an  enormous  layer  of  cloud  built  up  of  solid  or  liquid  incan- 
descent particles,  the  layer  being  surrounded  by  an  absorbing 
gaseous  atmosphere;  as  is  proved  by  the  analysis  of  the  solar 
spectrum.  The  opinions  of  men  of  science  are  divided  as  to  the 
nature  of  the  nucleus :  some  regard  it  as  an  incandescent  solid  or 
liquid,  others  as  a  gaseous  mass  likewise  incandescent.  We  know 
nothing  of  the  way  in  which  the  immense  amount  of  light  and  heat 
is  renewed  and  maintained :  it  radiates  in  every  direction  into 
space,  and  its  intensity  does  not  appear  to  have  sensibly  varied 
for  thousands  of  years. 

The  intensity  of  the  solar  heat,  as  it  reaches  the  surface  of  the 
earth,  has  been  calculated  by  Sir  J.  Herschel  at  the  Cape  of  Good 
Hope,  and  M.  Pouillet  in  Paris.  The  instrument  used  by  the  latter 
for  this  determination,  wliicli  he  called  the  i^yrheliometery  is  repre- 
sented in  Fig.  324.  At  the  uj)per  part  we  notice  a  very  thin 
silver  cylindrical  vessel,  the  face  of  which  is  turned  towards  the  sun 
and  is  covered  with  lamp-black ;  this  vessel  is  filled  with  water,  and 
the  temperature  of  the  liquid  is  indicated  by  a  thermometer  whose 
bulb  is  immersed  in  the  interior  of  the  cylinder,  and  whose  tube  is 
protected  .by  a  brass  tube  pierced  longitudinally  \\ith  a  groove  so 
that  the  level  of  the  mercury  can  be  seen.  At  the  other  end  of  the 
tube  is  a  disc  of  the  same  diameter  as  the  cylindrical  vessel,  which 
receives  the  shadow  of  the  latter,  and  indicates  whether  the  black- 
ened surface  is  exposed  normally  to  the  direction  of  the  sun's  rays : 
this  is  the  case  when  the  lower  disc  is  exactly  covered  by  the  circular 
shadow  of  the  upper  one.  The  temperature  of  the  instrument  is 
first  noted ;  its  blackened  face  is  then  exposed  to  a  portion  of  the 
sky  without  clouds,  but  in  such  a  manner  that  it  does  not  receive  the 
solar  rays :  at  the  end  of  five  minutes  its  radiation  has  produced  a 
certain  lowering  of  temperature.  The  instrument  is  then  directed 
towards  the  sun;  the  blackened  face  receives  the  solar  heat  falling 
perpendicularly  upon  it  for  another  five  minutes.  The  elevation  of 
tempei*ature  is  now   noted,  and  the  instrument  is  again   caused  to 
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radiate  its  lieat  for  five  minutes  in  its  fii-st  position;  the  final  cooling 
must  tlien  be  observed.  The  first  and  third  observations  are  neces- 
sary for  the  calculation  of  the  quantity  of  heat  lost  by  radiation  by 
the  instnunent  duriug  its  exposure  to  the  smi, — this  quantity  being 
ii  mean  between  tlie  two  oljserved  coolinas.  By  adding  to  it  the 
lieating  due  to  direct  exposure  to  the  sun,  the  total  elevation  of 
teni}>eruture  will  be  obtained  ;  and  consequently  the  number  of 
calories  can  be  calculated  which  have  Iwen  absorbed  during  a 
minute  by  a  suifucc  equal  to  that  of  the  blackened  disc. 


This  quantity  of  lieat  depends,  as  a  matter  of  course,  ou  the  eleva- 
tion of  the  suii  above  the  horizon ;  for  before  reaching  the  surface  of 
the  earth,  the  heat-rays  of  the  sun  tmvei-se  the  atmospheric  strata, 

wliich  absorb  a  certain  proportion  increasing  with  their  thickness. 
M.  X'ouillct  lias  studied  the  law  which  refjulat^s  the  calorific  in- 
tensity of  the  sun  accnniinf;  as  its  heijjht  varies,  and  he  has  de- 
terniimtii  tlie  ulirtiirptioii  due  m  (lie  atmosplioi-e  if  tlie  sun  were  at 
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the  zenith.  This  absorption  varies  to  a  certain  extent  according  to 
the  purity  of  the  atmosphere,  and  may  rise  to  0*25 ;  that  is  to  say, 
to  one-fourth  the  amount  of  heat  which  would  reach  the  earth  if  the 
atmosphere  did  not  exist. 

Considering  the  total  heat  n?ceived  by  an  entire  hemisphere,  and 
consequently  at  every  possible  degree  of  obliquity,  it  is  found  that  tlie 
proportion  absorbed  by  the  atmosphere  is  comprised  between  four  and 
live-tenths  of 'the  heat  emitted  by  the  sun,  if  the  sky  were  entirely 
without  clouds.  Tlie  surface  of  the  earth  therefore  scarcely  receives 
more  than  one-half  of  the  solar  heat,  this  being  distributed  unequally 
according  to  the  obli(iuity  of  the  rays;  the  other  half  warms  the 
atmosphere. 

Supposing  the  heat  received  by  the  earth  to  l>e  uniformly  dis- 
tributed, M.  Pouillet  has  calculated  that  a  square  centimetre  receives 
()-441  calorie  per  minute;  that  is  to  say,  a  quantity  of  heat  suffi- 
cient to  raise  the  temperature  of  441  grammes  of  water  1**.  In  one 
year,  each  square  centimetre  receives  231,675  calories :  the  (quantity 
of  heat  received  in  a  year  by  the  entire  earth,  would  ha  sufficient  to 
melt  a  layer  of  ice  31  metres  in  thickness  surrounding  the  globe. 

From  the  quantity  of  heat  received  annually  by  the  earth,  the 
trital  amount  of  heat  radiated  by  the  sun  into  space  can  be  deduced. 
This  may  be  done  by  calculating  how  many  times  the  surface  of  a 
great  circle  on  the  earth,  i.e.  an  area  e(iual  to  a  section  of  the 
earth,  is  contained  in  the  surface  of  a  sphere  which  has  the  centre 
of  the  sun  for  its  centre,  and  the  distance  from  this  body  to 
our  globe  for  its  radius.  An  easy  calculation  gives  2,150,000,000, 
so  that  the  heat  intercepted  by  the  earth  is  only  jii,-ooWo6o  P^^'^ 
of  the  entire  solar  radiation.  "  The  heat  emitted  l>y  the  sun,"  says 
Tyndall,  "  if  used  to  melt  a  stratum  of  ice  applied  to  the  sun's  surface, 
would  liquefy  the  ice  at  the  rate  of  2,400  feet  an  hour;  it  would  boil, 
per  hour,  700,000  millions  of  cubic  miles  of  ice-cold  water.  Expresse<i 
in  another  form,  the  heat  given  out  by  the  sun  j>er  hour  is  equal  to 
that  which  would  he  generated  by  the  combustion  of  a  layer  of  solid 
coal  ten  feet  thick,  entirely  surrounding  the  sun :  hence  the  heat 
emitted  in  a  year  is  equal  to  that  which  would  l)e  produced  by  the 
combiLstion  of  a  layer  of  coal  seventeen  miles  in  thickness." 

Such  is  the  calorific  intensity  of  the  immense  body  which  furnishes 
llu;  earth  and  the  (»tlier  planets  with  their  supply  of  In*:it,  and,  as  we 
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shall  presently  see,  their  provision  of  life  and  mechanical  force.  We 
do  not  yet  know  how  this  prodigious  activity  is  maintained ;  never- 
theless, several  ingenious  hypotheses  have  been  made  concerning 
it,  but  which,  we  must  remember,  rest  solely  on  conjecture. 

The  earth  also  receives  heat-rays  emitted  by  the  stars,  which  are 
heat-sources  similar  to  that  of  which  we  have  just  spoken.  At  the 
almost  infinite  distance  of  the  stars,  the  heat  radiated  by  them  is 
so  feeble  as  to  be  almost  inappreciable :  indeed,  it  is  almost  impos- 
sible to  measure  it.  Nevertheless  some  successful  attempts  have 
been  made,  by  means  of  large  telescopes  wliich  grasp  a  laige 
number  of  these  radiations,  and  delicate  thermo-electric  piles. 
Tluis  Mr.  Stone  has  found  that  the  heat  received  from  Arctunis 
is  equal  to  the  radiation  of  a  Leslie  cube  of  boiling  water  at  a 
distance  of  383  yards.  The  whole  of  these  distant  radiations,  that 
of  the  sun  excepted,  determines  what  is  called  the  temperature  of 
space,  which  has  been  estimated  by  many  savants.  According  to 
Fourier,  this  temperature  is  —  60°  C. ;  M.  Pouillet  states  that  it  is 
much  lower,  and  can  scarcely  exceed  — 140°  C. 

The  surface  of  the  earth  also  receives  heat  from  its  interior — ^heat 
which  belongs  to  the  terrestrial  globe  itself,  as  Fourier  has  proved. 
At  a  certain  depth  below  the  surface,  a  stratum  is  found  with  a 
constant  temperature  which  is  nearly  the  mean  temperature  of 
the  place. 

Below  this  stratum  the  temperature  increases,  and  its  mean 
augmentation  is  about  1°  for  30  metres.  If  this  increase  of  heat, 
which  has  been  proved  to  a  depth  exceeding  700  metres,  continues  in 
the  lower  strata  and  in  the  same  proportion ;  at  3  kilometres  the 
temperature  would  already  reach  the  boiling-point,  and  at  40  kilo- 
metres most  of  the  known  minerals  would  have  attained  their  meltin«r 
points.  But  it  remains  to  be  proved  whether  the  enormous  pressure 
to  which  the  terrestrial  strata  are  subjected  at  this  latter  depth, 
is  not  an  obstacle  to  their  liquefaction:  the  incandescence  of  the 
terrestrial  nucleus  thus  remains  in  an  hypothetical  state. 

The  sun  is  the  most  abundant  and  economic  source  of  heat :  but 
it  is  not  the  most  convenient,  because  we  cannot  adaj)t  it  at  will  to 
our  purposes,  and,  when  it  is  clouded  over,  or  is  invisible,  we  most 
require  heat :  nor  is  it  the  most  intense,  for  unless  it  is  concentrated 
by  means  of  expensive  apparatus,  it  (»nly  ])roduccs   compamtivelv 
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low  temperatures.  It  uiiiy  be  safely  afhrmed  that  civilization  woul<l 
be  an  impossibility  if  man  had  only  the  solar  heut  at  his  command, 
and  had  not  discovered  artificial  sources  of  heat  to  satisfy  the  most 
indispensable  wants  of  his  existence.  Combustion,  tliat  is  to  say,  the 
chemical  combination  of  certain  bodies  with  oxygen,  constitutes  one 
principal  source  of  this  kind,  and  the  term  artificial  heat-sources  is 
applied  to  those  which  con  be  used  at  will,  and  the  intensity  of 
which  cau  be  regulated  according  to  the  wants  of  tlie  moment. 

Generally  speaking,  whenever  6ubstance.s  enter  into  combination, 
lieat  is  disengaged.  Thus,  a  mixture  of  water  and  sulphuric  acid,  and 
of  water  and  a  certain  quantity  of  qnicklirae,  is  accompanied  by  a 
considerable  rise  of  temperature. 

Tlie  conibination  of  oxygen,  one  of  tlie  constituents  of  onr  atmo- 
sphere, with  certain  solid  or  gaseous  elements,  gives  rise  to  a  veiy 
intense  disengagement  of  heat  accompanied  by  light,  and  frequently 
produces  the  phenomenon  of  vivid 
combustion.  But  in  order  that  a 
combustible  body  may  bum,  either 
in  the  air  or  in  pure  oxygen,  one 
of  its  parts  must  first  be  brought 
to  a  high  temperature ;  in  fact,  it 
must  be  lighted.  When  once  the 
combination  has  commenced,  the 
heat  disengaged  by  it  is  communi- 
cated in  succession  until  the  com- 
bustible gas  is  entirely  extin- 
guished, or  the  body  with  which 
it  is  combined  is  completely  con- 
sumed. It  is  thus  that  we  obtain  '  '* "''"'  *-"""'"""'" "'  """ '"  "')»*"■ 
lire  in  our  stoves  and  the  light  of  our  candles  and  lamps;  and  we 
know  by  experience  that  these  sources  of  heat  and  light  only  last  so 
long  as  they  are  kept  up, — that  is  to  say,  while  they  are  furnished 
with  the  two  elements  necessary  for  the  combustion. 

When  combustion  takes  place  in  pure  oxygen,  it  is  much  brighter 
than  in  air.  On  plunging  a  steel  spiral  furnished  with  a  piece  of 
buiTiing  tinder  into  a  bell-jar  filled  with  this  gas  (Fig.  326),  a  very 
bright  combustion  of  the  metal  is  produced,  and  it  sends  out  a  number 
oCsparks  in  every  direction. 
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The  phenomenon  ol"  combustion  is  complex,  but  we  cannot  he« 
analyse  it  iu  all  its  details :  we  will  only  say  that  the  flame  propei 
roust  be  distinguished  from  the  sulid  incandescent  portions.  In  ordei 
that  a  body  may  burn  with  a  flnme,  there  must  be  a  disengagement  ol 
certain  gases  under  the  influence  of  a  high  temperature;  and  the« 
gases  in  becoming  luminous  produce  the  moveable  light  of  which  w( 
speak.  In  the  flame  of  a  candle  or  jet  of  gas  there  are  thict 
distinct  portions  in  which  the  heat  and  light  are  associated  ii 
different  proportions. 

The  exterior  layer  is  the  seat  of  the  most  active  combustion  anc 
of  the  highest  temperature,'  but  the  light  of  this  region  is  not  intense 
next  comes  a  very  luminous  stmtum  where  thi 
combustion  is  always  less  complete,  and  tbe  hea 
less  intense,  but  which  shows  great  brilliaDcy 
whether  this  is  on  account  of  the  very  fim 
particles  of  incandescent  carbon  of  which  it  con 
sists,  or  on  account  of  the  density  of  the  vapours 
is  not  yet  decided.  Lastly,  at  the  interior  of  thi 
flame,  there  is  a  dark  space,  possessing  a  macl 
lower  temperature,  because,  as  the  oxjgen  of  thi 
air  cannot  penetrate  to  it,  the  gaseous  matters  wbici 
fill  it  are  not  burnt.  It  is  only  on  reaching  thi 
top  of  the  flame  that  these  matters  are  burnt  ii 
their  turn  :  when  the  combustion  is  incomplete 
they  rise  in  the  form  of  smoke. 

If  the  flame  of  a  candle  is  blown  upon  quicklj 
we  all  know  what  happens,— the  light  is  extin 
puished  ;  and  the  reason  of  this  fact  is  simple :  b; 
the  act  of  blowing,  cold  air  is  introduced  into  th 
3,  which  cools  on  being  diffused  into  a  quantity  c 
air ;  the  temperature  then  falls  to  such  an  extent  that  combustio 
ceases.  If,  after  having  blown  out  the  flame,  the  wick  remaii 
incandescent,  by  blowing  it  lightly  it  is  again  lighted,  because  th 
oxygen  necessary  for  the  combustion  is  introduced,  and  the  gas  agw 

'  A  spectroscopic  txainmation  of  n  candle-flame  ofl"orrl8  a  very  beautiful  pro 
that  Ihe  exterior  piirl  of  the  fliime  is  the  hottest,  for  this  region  gives  us  Ihe  brig! 
line  of  sodium,  nliich  would  be  a  drrh  line,  when  tlic  spectrosrope  ia  directed 
the  brighter  part  of  the  fluiuc.  if  this  were  not  40. 


inflammable  1 
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disengages  itself,  and  ia  inflamed  at  the  point  of  contact  of  the  solid 
incandescent  parts. 

Several  physicists — among  otliers,  Lnplace,  Lavoisier,  Eumford, 
Despretz,  Dulong,  Fabre,  and  Silbermonn ' — have  endeavoured  to 
measure  the  quantities  of  heat  which  are  disengaged  during  chemical 
combinations,  and  especially  during  ordinary  combustion.  The 
number  of  calories  which  are  disengaged  when  a  unit  of  weight  of  a 
combustible  body  is  burned,  is  what  is  called  the  hfM  of  comhusiion 
of  that  body.  We  cannot  describe  the  methods  which  have  been 
employed  in  these  important  researches,  and  shall  only  give  some 
results  which  sliow  to  how  great  an  extent  the  elements  differ  in 
this  respect.  'Whilst  the  heat  of  combustion  of  1  gramme  of  native 
Bulphur  is  2,260  calories  (the  calorie 
is  in  this  case  the  quantity  of  heat 
necessary  to  raise  1  gramme  of 
water  1°  C),  that  of  1  gramme 
of  carbon  in  the  state  of  dia- 
mond is  7,770  calories ;  the  same 
body  in  the  stat«  of  natural 
graphite  is  7,796 ;  and  lastly,  as 
charcoal,  8,080  calories.  Hydrogen 
burning  in  chlorine  disengages 
23,783  calories,  and  the  same  gas 
burning  in  oxygen  34,462. 

The  heat  of  combustion  of 
hydrogen  is  the  most  intense  of 
all ;  it  has  been  calculated  that 
it  corresponds  to  au  elevation  of 
temperature  of  6,800° ;  wliich  has 
led    to    the    employment  of  this  lo  «27.-oi;>ii\.rog«iMu«i.ii». 

extreme  heat  for  the  production  of  extremely  liigh  temperatures 
MM.  H.  Sainte-Claire-Deville  and  Debray,  by  using  the  oxy- 
hydrogen  blowpipe,  have  fused  considerable  masses  of  platinum;  a 
kilogramme  of  this  metal  requires  for  its  fusion,  and  for  keeping  it 
in  a  state  of  fusion  during  the  time  of  refining,  a  consumption  of 
70  litres  of  oxygen  and  120  litre"  of  hydrogen. 

Mechanical  action,  friction,  percussion,  and  compression,  de%'elop 
Andrews  of  Belfaal  faas  made  iwy  accurate  eipcrimenu  od  this  subject. 
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heat,  just  like  the  more  intimate  motions  which  constitute  the  phe 
nomena  of  chemical  combinations.  There  are  numberless  example 
of  this  transformation  of  motion  into  heat,  and  we  can  each  observi 
them  for  himself.    We  will  mention  some  of  theuL 

When  a  metal  button  is  quickly  rubbed  against  cloth  or  any  8oli< 
body,  it  becomes  warm,  and  finally  very  hot :  schoolboys  well  under 
stand  this  experiment.  The  friction  of  a  saw  against  the  piece  o 
wood  which  it  is  dividing,  that  of  a  razor  or  knife  which  is  beinj 
ground,  of  a  file  against  the  metals  which  it  wears  away,  raises  th< 
temperature  of  the  objects  subjected  to  these  violent  motions,  th< 
molecules  of  which  are  thus  disturbed.  The  sparks  produced  b 
horses'  shoes  on  the  pavement,  or  by  the  friction  of  the  steel  on  th( 
wheel  of  a  grindstone,  or  again,  those  which  set  light  to  tinder  in  th< 
flint  and  steel  method,  all  proceed  from  the  high  temperature  producer 
by  friction;  very  fine  metallic  particles  are  detached,  and  the  hea 
developed  is  sufficient  to  set  the  little  masses  on  fire.^ 

Very  dry  pieces  of  wood  rubbed  against  each  other  becomi 
heated ;  smoke  is  disengaged,  and,  if  we  may  believe  the  stories  o 
travellers,  savages  by  these  means  procure  fire.  Turners  sometime 
produce  black  bands  on  the  objects  which  they  are  making  h] 
pressing  a  piece  of  wood  against  the  spot  which  they  wish  to  chai 
The  heat  which  follows  from  this  pressure,  joined  to  the  rapid  rotator] 
movement  of  the  lathe,  is  strong  enough  to  carbonize  the  wood  oi 
the  circumference  of  the  object.  The  pivots  of  machines,  the  axle 
of  carriages  and  railway  carriages,  become  strongly  heated  by  th< 
friction  which  results  from  a  rapid  and  prolonged  rotation ;  indee 
they  would  take  fire,  or  get  red-hot,  if  care  were  not  taken  to  lubri 
cate  or  grease  them. 

We  may  quote  here,  as  an  example  of  the  enormous  quantity  c 
heat  which  can  be  disengaged  by  the  friction  of  two  solids  again! 
each  other,  the  celebrated  experiment  made  by  Rumford  in  1798 ;  thi 
experiment  had  been  suggested  to  that  celebrated  physicist,  whilst  l 
was  superintending  the  boring  of  some  pieces  of  cannon  at  Monid 


*  "  Before  the  discovery  of  Davy's  safety  lamp,  the  fire-damp  was  tbo  gre 
trouble  of  mines ;  and  many  mines  remained  unexplored  and  inaccessible  on  aocoii 
of  the  presence  of  this  invincible  enemy.  As  common  lamps  could  not  be  use 
the  passages  were  illuminated  by  means  of  a  steel  wheel  which  was  caused  to  tn 
a^inst  a  gun-flint." — Stmonin,  La  Vie  Souterraine. 
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Struck  by  the  great  quantity  of  heat  disengaged  during  this  operation, 
he  wished  to  measure  it  as  exactly  as  possible ;  accordingly  he  placed 
a  metal  cylinder,  destined  for  the  operation  of  boring,  in  a  wooden  case 
filled  with  water,  the  temperature  of  which  was  shown  by  an  immersed 
thermometer.  An  hour  after  the  friction  of  the  blunt  borer  against 
the  cylinder  had  commenced,  the  temperature  of  the  water,  at  first 
16^  rose  to  46^  At  the  end  of  two  hours,  it  was  81^  and  again, 
half-an-hour  later,  the  water  completely  boiled.  "  It  would  be 
difficult,"  said  Rumford,  "  to  describe  the  surprise  and  astonish- 
ment expressed  in  the  faces  of  the  assistants  at  the  sight  of  such 
a  quantity  of  water  (about  ten  litres)  heated  and  caused  to  boil 
without  any  fire." 

The  friction  of  solids  ap;ainst  liquids  and  gases  also  develops  heat. 
Joule's  experiment,  to  which  we  shall  presently  refer,  proved  the 
lieating  of  a  liquid  when  agitated  by  metallic  paddles  turning  on  an 
axis  in  it.  The  incandescence  of  aerolites  is  by  some  attribut<^>d  to 
friction  against  the  atmosphere,  which  they  enter  with  considerable 
velocity.  The  elevation  of  temperature  caused  by  the  friction  of  a  gas 
against  a  solid  is  placed  beyond  doubt  by  a  very  simple  experiment 
made  by  Tyndall  in  his  Lectures  on  Heat :  by  means  of  a  pair  of 
bellows  he  caused  a  current  of  air  to  impinge  on  one  of  the  faces  of 
a  thermo-electric  pile;  the  needle  of  the  galvanometer  was  imme- 
diately deviated,  and  the  direction  of  the  deviation  indicated  that 
the  face  of  the  pile  had  been  heated  by  the  moving  air. 

We  will  end  this  enumeration  of  phenomena  which  prove  the 
generation  of  heat  by  mechanical  force,  by  quoting  an  important 
experiment  of  Davy's.  This  illustrious  physicist,  by  rubbing  two 
pieces  of  well-dried  ice  together,  succeeded  in  melting  a  certain 
quantity.  Now,  to  explain  the  disengagement  of  heat  produced  by 
friction,  the  partisans  of  the  material  theory  of  heat,  who  considered 
it  a  fluid  contained  in  the  interstices  of  bodies,  reasoned  thus : 
Friction  changes  the  calorific  capacity  of  different  bodies;  it 
diminishes  this  capacity  so  that  the  heat  which  was  retained  before 
the  mechanical  actions  can  no  longer  remain  within  the  body  after  the 
molecular  change  which  agitates  it :  it  is  this  heat  which  is  disen- 
gaged by  friction,  and,  before  latent,  now  becomes  apparent" 

The  experiment  of  Davy  renders  this  explanation  impossible ;  let 
us  bear  in  mind  that  water  has  double  the  calorific  capacity  of  ice  • 
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after  the  fusion  of  a  certain  quantity  of  ice,  the  water  produced  by  i 
*  contains  more  latent  heat  than  before :  hence  it  would  be  impossibl 

to  understand,  in  accordance  with  the  material  theory,  whence  the  hea 
proceeds  which  has  caused  the  ice  to  pass  into  water.  From  thi 
it  is  concluded  that  the  mechanical  force  brought  into  play  ii 
friction  is  transformed  into  heat, — that  is  to  say,  into  a  force  o 
another  kind :  that  there  is  transformation  of  visible  motion  int 
molecular  or  atomic  motion. 

Percussion  and  compression  develop  heat  like  friction.  Thiu 
when  a  nail  is  driven  into  a  piece  of  wood  with  a  hammer,  not  onl; 
is  the  nail  heated,  an  effect  which  could  result  partly  from  the  frictio: 
against  the  wood,  but  the  hammer  itself  undergoes  an  elevation  c 
temperature.  An  iron  bar,  beaten  with  successive  strokes,  can  b 
made  red-hot.  Plates  of  gold,  silver,  and  copper,  compressed  undc 
the  coining  press  which  is  used  to  stamp  money,  become  heated,  bi: 
the  elevation  of  temperature  is  not  the  same  in  different  metal 
Generally  speaking,  the  quantity  of  heat  developed  by  mechanici 
action  depends  on  the  nature  of  the  substances  submitted  to  thes 
actions,  on  the  state  of  their  surface,  and  on  the  pressure  exercised. 

Tlie  compressibility  of  liquids  is  very  slight :  nevertheless,  b 
submitting  liquids  to  considerable  pressure — for  example,  of  from  3 
to  40  atmospheres — the  disengagement  of  heat  can  be  establishes 
The  compression  of  gases  can  be  effected  to  very  extensive  limiti 
and  a  considerable  elevation  of  temperature  can  be  obtained,  when 
gaseous  mass  is  suddenly  compressed  into  a  limited  space.  This  fai 
show  us  the  principle  of  the  pneumatic  syringe  which  we  have  d 
scribed  in  the  First  Book  of  this  work.  The  expansion  of  a  gj 
produces  an  effect  contrary  to  that  of  compression, — that  is  to  sa 
a  fall  of  temperature  results ;  carbonic  acid  gas,  first  liquefied  1 
compression  under  40  or  50  atmospheres  in  a  receiver,  produc 
so  much  cold  by  expansion  on  escaping  into  the  air  that  it  pass 
into  the  solid  state  ;  and  then  takes  the  form  of  flakes,  white  as  sno 
of  solidified  carbonic  acid.  Tlieir  temperature  is  then  93  degn 
below  zero  Centigrade. 

The  same  phenomenon  of  cooling  takes  place,  when  steam  issi 
in  a  jet  from  the  valve  of  Papin's  digester.  Its  sudden  expansion 
accompanied  by  a  cooling  which  condenses  it  as  mist :  ou  plun<n 
the  hand  into  tho  jet  of  steam,  a  sensation  of  roolness  i.*?  felt  whi 
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at  first  seems  strange.  Great  care  must  be  taken  in  this  experiment 
when  the  vapour  contained  in  the  boiler  has  only  the  ordinary 
atmospheric  pressure ;  on  escaping  into  tlie  atmosphere,  at  this 
pressure,  it  retains  the  temperature  of  100°  C,  and  the  hand  may  be 
terribly  scalded. 

In  order  to  complete  what  we  have  said  concerning  heat-sources, 
we  have  yet  to  mention  those  which  life  maintains  in  organized  beings, 
vegetable  and  animal.  It  seems  to  be  proved  that  animal  and  vege- 
table heat  has  its  origin  in  a  series  of  chemical  actions  more  or  less 
complex,  which  constitute  the  phenomenon  of  nutrition,  respiration, 
and  assimilation  of  food. 
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Whnt  we  underetand  by  the  mechanical  equivalent  of  heat. — Joule's  experiments 
for  determining  this  equivalent. — Reciprocal  transformation  of  heat  into  me- 
chanical force,  and  of  mechanical  force  into  heat — Heat  is  a  particular  kind 
of  motion. 

TN  the  study  of  the  science  of  heat,  we  have  considered  two 
classes  of  phenomena.  On  the  one  hand,  we  have  described 
the  many  effects  produced  by  the  variations  of  heat  in  bodies ;  and, 
on  the  other,  we  have  reviewed  the  different  processes  by  which 
heat  can  be  engendered.  We  have  now  to  indicate  the  relations 
which  exist  between  these  two  orders  of  phenomena,  the  reciprocal 
dependence  of  which,  being  now  proved,  constitutes  the  mechanical 
theory  of  heat. 

We  have  seen  that  one  of  the  effects  of  heat  is  to  expand  bodies, 
that  is  to  say,  to  produce  molecular  movements  which  increase  the 
distances  of  the  molecules  from  each  other  ;  and,  thus  considered, 
expansion  is  nothing  more  than  a  mechanical  effect  When  the 
increase  of  heat  attains  a  certain  limit,  there  is  a  change  of  state,  a 
passage  from  the  solid  to  the  liquid  condition,  and  from  the  liquid 
to  the  gaseous  condition:  this  is  also  a  mechanical  effect,  for  it 
does  not  appear  doubtful  that  these  modifications  in  the  aspect  of 
a  substance  are  due  to  variations  in  the  respective  distances  of  the 
molecules,  and  afterwards  in  the  actions  which  they  exercise  on 
each  other.  We  have  also  seen  that  increase  of  heat  confers  on 
vapours  and  gases  the  elastic  force  which,  in  modern  machines,  so 
advantageously  replaces  the  old  motive  forces.  In  all  these  cases, 
heat  is  transformed  into  mechanical  work ;  or,  in  other  words,  a 
certain  quantity  of  lieat  is  consumed  in  producing  ?/w^',  although 
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in  many  cases  this  work  is  not  susceptible  of  measurement  in 
the  present  state  of  science. 

It  is  not  less  evident,  however,  that  whenever  heat  is  pro- 
duced, a  certain  quantity  of  work  is  expended;  this  is  most 
certain  in  the  case  of  heat  engendered  by  friction,  percussion,  and 
compression:  that  which  is  disengaged  by  chemical  action  is 
believed  to  be  produced  by  the  molecular  movements  wliich  con- 
stitute the  combinations. 

This  relation  between  the  forces  which  give  rise  to  the  pheno- 
mena of  heat  and  the  other  mechanical  forces,  had  been  suspected 
for  some  time :  but  it  was  reserved  to  our  time  to  transfer  it  from 
a  state  of  vague  hypothesis  to  that  of  a  theory  proved  and  verified 
by  experiment.  Dr.  Mayer,  of  Heilbronn,  a  little  town  in  Germany, 
had  the  honour  of  giving  the  first  definite  formula  to  the  theory, 
and  of  developing  the  consequences:  in  18-42  he  calculated  the 
mechanical  equivalent  of  heat,  which  was  experimentally  deter- 
mined a  year  later  by  an  Englisli  physicist.  Dr.  Joule,  who  was 
at  that  time  unacquainted  with  the  researches  of  the  German 
doctor. 

Many  other  physicists  may  be  referi'ed  to  as  having  aided  to 
establish  this  important  theory;  it  will  be  sufficient  for  us  to 
mention  MM.  Eegnault  and  Him  in  France,  Clausius  in  Germany, 
Thomson  and  Eankine  in  England. 

We  will  now  endeavour  to  give  an  idea  of  the  mechanical 
equivalent  of  heat,  and  of  some  of  the  experiments  by  which  it 
has  been  determined. 

Let  us  first  recall  to  mind  the  meaning  of  the  term  work 
in  mechanics.  When  a  power  is  employed  in  a  luachine  in  motion 
to  overcome  a  resistance  with  which  it  is  in  equilibrium,  it  lias  been 
proved  that  there  is  always  an  equality  between  the  products  obtained, 
by  multiplying,  on  the  one  hand,  the  power  by  the  path  passed  over 
by  its  point  of  application ;  and,  on  the  other  hand,  the  resistance 
by  the  path  over  which  the  point  of  application  of  this  latter  passes. 
For  example,  if  a  power  equal  to  10  kilogrammes  produces  equili- 
brium w4th  a  resistance  of  30  kilogrammes,  and  the  path  traversed 
by  this  according  to  its  direction  be  1  metre,  the  path  traversed 
by  the  power  during  the  same  time  wull  be  3  metres ;  there  will 
then  be  cqiuility  between  the  two  X)roducts   10    x   3  and  30  x   1. 


606 


PHYSICAL  PHENOMENA. 


[book  r 


The  unme  of  work  is  given  to  each  of  these  products ;  the  firet  is 
work  spent  on  (lie  machine,  and  tlie  second  vxn-k  done  hi/  the  tnaehint. 
It  is  convenient  to  take  as  a  unit  of  work  or  dynamic  unit-,  the 
work  developed  by  raising  a  weight  of  1  kilogramme  to  a  height 
of  1  metre.  This  unit  is  designat«d  a  kilogrammetre.  On  the 
other  hand,  we  have  seen  that  quantities  of  heat  are  meaaured  in 
calories ;  by  calorie  is  understood  the  heat  necessary  to  raise  from 
0°  to  1°  Centigrade  the  temperature  of  1  kilogramme  of  water. 
The  problem  which  presented  itself  to  physicists  was :  To  deter- 
mine by  experiment  and  calculation  the  number  of  kilogrammetres 
necessaiy  to  engender  the  quantity  of  heat  represented  by  a  calorie. 
(English  men  of  science  use  a  different  unit,  called  a  foot-pound) 


m 
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We  deal  first  with  the  heat  which  raises  1  kilogramme  of  water 
1°  C,  and  then  determine  the  mechanical  work  necessary  to  produce 
the  same  result. 

It  is  this  number  which  Mayer  has  called  the  nieckaniad 
equivalent  of  heat.  The  various  experiments  which  have  been  made 
with  a  view  of  determining  this  important  number,  consist  essentially 
in  the  production  of  a  certain  quantity  of  heat  by  the  aid  of 
mechanical  action,  and  in  measuring  carefully  the  heat  produced, 
and  the  work  consumed  in  the  operation,  of  course  taking  into 
account  losses  of  heat  and  of  mechanical  work.  The  following  art 
some  of  Joule's  experiments. 
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He  compressed  air,  by  means  of  a  force-pump,  into  a  metallic 
vessel  in  the  water  of  a  calorimeter.  After  a  certain  number  of 
strokes  of  the  piston,  the  pressure  of  air  having  attained  a  certain 
number  of  atmospheres,  he  observed  the  elevation  of  temperature 
of  the  water,  and  deduced  from  it  the  quantity  of  heat  communi- 
cated to  it  The  heating  was  not  entirely  due  to  the  compression 
of  air,  but  also  to  the  friction  of  the  piston.  He  therefore  re- 
commenced the  operation  by  allowing  the  receiver  to  communicate 
with  the  atmosphere,  that  is  to  say  without  compressing  the  air. 
The  heat  produced  by  this  fresh  operation  was  evidently  due  to 
the  friction  in  the  first  operation.  Joule  found  by  this  method 
444  kilogrammetres  for  the  mechanical  equivalent  of  the  heat. 

By  turning  a  paddlewheel  in  water  or  in  mercury  (Fig.  328), 
the  same  physicist  observed  the  elevation  of  temperature  of  the 
liquid,  and  likewise  deduced  the  number  of  calories  caused  by  the 
friction.  On  the  other  hand,  he  easily  measured  the  work  expended 
in  producing  the  rotation.  The  final  result  arrived  at  by  Dr.  Joule 
gives,  as  tlie  mechanical  equivalent  of  heat,  772  foot-pounds;  that 
is,  the  force  expended  in  raising  1  lb.  though  772  feet  will  raise 
the  temperature  of  the  pound  of  water  1°  F. 

To  sum  up,  it  has  been  shown  by  a  great  number  of  experiments 
made  by  various  physicists,  that  the  mechanical  equivalent  of  the 
heat  necessary  to  raise  1  kilogramme  of  water  1'  C.  is  about 
425  kilogrammetres.  Or,  according  to  the  definition  given  above, 
that  the  quantity  of  heat  necessary  to  raise  the  temperature  of  a 
kilogramme  of  water  1®  C.  is  capable,  if  it  could  be  entirely  ex- 
pended in  mechanical  work,  of  raising  a  weight  of  425  kilogrammes 
to  a  height  of  1  metre.  Eeciprocally,  when  work  equal  to  425 
kilogrammetres  is  completely  transformed  into  heat,  the  heat  pro- 
duced is  capable  of  raising  the  temperature  of  a  kilogramme  of 
water  l^'C.  Thus  the  transformation  of  mechanical  force  into  heat, 
and  of  heat  into  mechanical  force,  is  not  only  a  fact  acquired  by 
science,  but  an  important  demonstration  which  throws  light  on 
the  nature  of  the  cause  to  which  we  must  attribute  the  phenomena 
which  we  have  studied  in  this  Fourth  Book. 

Tlie  study  of  the  laws  of  radiant  heat  had  already  induced  us  to 
assimilate  heat-waves  with  luminous  waves,  and  to  regard  heat  itself 
as  produced  by  certain  vibrations  of  the  ether.     On  penetrating  the 
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interior  of  bodies  it  is  probable  that  the  heat  communicates  to  their 
molecules  certain  movements  which,  transformed  in  different  ways, 
sometimes  change  the  volume  of  the  bodies,  sometimes  modify 
their  physical  condition,  and  sometimes  produce  intimate  effects 
of  such  a  nature  as  to  change  the  mode  of  association  of  the 
elementary  atoms.  These  movements,  indeed,  on  being  propagated 
by  our  nerves,  produce  in  us  the  sensation  of  heat. 
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MAGNETS. 


Phenomena  of  magnetic  attraction  and  repulsion. — Natural  and  artificial  magnets ; 
magnetic  substances. — Poles  and  neutral  line  in  magnets. — Action  of  magnets 
on  magnetic  substances ;  action  of  magnets  on  magnets. — Law  of  magnetic 
attraction  and  repulsion. — Direction  of  the  magnetic  needle ;  declination  and 
inclination  ;  influence  of  the  terrestrial  magnet. — Process  of  magnetization. — 
Attractive  force  of  magnets. 

TiTINERALGGISTS  gave  the  name  of  magnetic  oxide  of  iron,  or 
'^^  magnetic  iron,  to  an  ore  of  this  metal,  which  is  found  in  large 
quantities  in  the  mines  of  Europe  and  America,  particularly  in  Sweden, 
in  the  Isle  of  Elba,  and  in  the  United  States.  It  was  worked  for  some 
time  at  Bone  (Algeria) ;  and  lastly,  according  to  ancient  writers,  it  was 
formerly  found  in  Asia  Minor,  near  the  two  towns  of  the  same  name 
of  Magnesia.  The  mineral  to  which  we  refer  is  composed  of  protoxide 
and  sesquioxide  of  iron;  its  coljur  is  generally  black  or  brown,  and 
sometimes  greyish,  with  a  metallic  brightness.  Some  specimens  pos- 
sess the  property,  known  to  the  ancients,  of  attracting  pieces  of  iron 
which  are  placed  near  one  of  their  points :  these  are  natural  magnets, 
or,  as  they  are  more  commonly  called,  lode-stones.  We  shall  presently 
see  how  the  attractive  power  of  the  natural  magnet  can  be  com- 
municated to  tempered  steel :  the  pieces  or  bars  of  steel  thus  prepared 
are  called  artificial  magnets. 
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Iron  is  not  the  only  substance  capable  of  being  attracted  by  a 
magnet ;  the  same  effect  takes  place  with  other  metals :  cobalt,  nickel, 
chromium  and  manganese,  cast  iron,  steel,  and  all  specimens  of 
oxidized  iron,  wliich  are  not  themselves  magnets,  are  also  attracted. 
These  bodies  are  ranged  under  the  same  head  of  magnetic  substances} 

The  phenomena  which  we  are  about  to  describe  remained  unknown 
for  centuries,  like  those  of  electricity ;  yet  the  ancients  were  aware  of 
the  two  principal  facts  which,  in  the  hands  of  modem  observers,  have 
been  the  starting-points  of  the  two  branches  of  physics  which  are 
now  united.  The  attnietion  of  light  bodies  by  yellow  amber,  and 
the  attraction  of  iron  by  the  lode-stone,  were  only  amusements  in 
their  eyes,  or  singularities  of  nature ;  in  the  present  day  they  are, 
among  thousands  of  others,  two  particular  manifestations  of  an 
agent  unusually  diffused  through,  and  continually  in  action  in,  the 
physical  world. 

The  attractive  power  of  magnets,  natural  or  artificial,  for  magnetic 
substances  is  easily  proved.  The  following  are  some  of  the  processes 
used  for  this  purpose : — 

If  a  magnet  is  immersed  in  a  quantity  of  iron  filings,  we  observe 
on  removing  it  that  at  certain  parts  of  its  surface  numerous  particles 

of  the  metal  are  attached  in  the 
form  of  tufts  (Fig.  329),  and  on 
placing  small  pieces  of  iron,  such  as 
nails,  near  the  same  points,  they 
will  be  seen  to  move  forward  to 
the  magnet,  and  to  adhere  with  a 

Fio.S29.-Attniction  of  Iron  filings  by  a  TiRtural      forCC    the    Strength  of  wllich  CaU    bc 
or  artificial  magnet  ,.  'j-u        xi.  a*  .^ 

determined  by  the  effort  neces- 
sary to  remove  them.  By  means  of  the  magnetic  pendulum,  which 
consists  of  an  iron  ball  or  any  other  magnetic  substance  suspended 

>  The  etymology  of  the  words  magnetism  and  magnetic  is  one  of  the  Greek 
names  of  the  magnet,  fiayvrjrrjt,  which  the  ancients  themselves  believed  to  be  derived 
from  the  names  of  the  two  towns  of  Magnesia,  in  the  neighbourhood  of  which  lode- 
stones  were  first  found.  Aristotle  called  the  magnet  simply  Xi^or,  the  stone,  par 
excellence.  It  was  also  termed  Lydiun  stone,  Herades  stone— iJpoxXcia  \iSos. 
According  to  M.  Th.  H.  Martin,  this  last  term  was  wrongly  interpreted  as 
synonymous  with  the  Heniclea  stone,  one  of  the  names  of  the  town  of  Magnesia, 
which  induced  the  ancients  themselves  to  give  the  name  of  uayvrjrrjs  to  the  magnet ; 
which  name  the  Romans  retained. 
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by  a  thread,  the  attraction  whicli  the  magnet  exercises  on  this  sub- 
stance is  even  more  easily  proved.  The  same  apparatus  also 
shows  that  the  attraction,  which  is  nil  at  the  points  where  the  iron 
filings  are  not  attached,  is  at  a  maximum  where  the  largest  tufts 
have  been  formed.  Moreover,  the  attraction  of  magnets  for  magnetic 
substances  is  reciprocaL  Thus,  a  piece  of  iron  brought  near  a  mag- 
netized bar  rendered  moveable  by  being  suspended,  as  represented 
in  Fig.  331,  attracts  the  bar,  and  causes  it  to  move  round  the  axis 
of  suspension. 

This   last   experiment  also  proves   that    magnetic   attraction   is 
exercised  at  a  distance,  and  incre-ases  in  intensity  as  the  distance 


diminishes  ;  we  shall  see  further  on  in  accordance  with  what  law  this 
takes  place.  But  at  the  same  distances  tliis  action  is  scarcely 
weakened  by  the  interposition  of  bodies,  either  liquid  or  .folid,  pro- 
videtl  they  are  not  magnetic.  Thus  wlien  a  magnet  is  moved  beneath 
a  sheet  of  paper,  or  cardboard,  a  plate  of  glass,  wood,  or  porcelain, 
pieces  of  iron  placed  on  the  surface  of  these  sheets  or  plates  will 
follow  the  motion  of  the  magnet. 

Although  magnets,  either  natural  or  artificial,  and  magnetic  sub- 
stances, ai«  reciprocally  attracted,  tliis  does  not  prove  that  the  pro- 
perties of  both  are  alike.     Tliere  is  an  imi>ortaut  ililferenee,  which  we 
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iiui«l  olHcrvc,  viz.  that  iulf^Uno^i  wliicb  are  simply  magnetic  do  not 
ttltnit'l  riii')>  "tli'^r:  a  piece  of  iron  wLich  attracts  a  m^net  has  do 
(it-iii>»  Hit  iruti,  ir  it  i^  &<>:  in  the  vicinity  of  a  magnet.  There  is  again 
Hiii>tlii'r  iliili^ntiice  on  whkli  we  shall  enlarge,  \tz.  that  a  piece  of  iron 
tiiiili'r^H'H  iittraction  at  all  jroints,  whilst  in  a  magnet  the  attractive 
■iniiH'rty  ii  unc'iually  'ILstrihuted :  we  have  already  seen  that  it  does 
lint  I'xitt  Ht  certiiin  jioiiits  and  ia  at  maximum  at  others.  The  experi- 
iiii<iilH  whii:h  follow  will  show  this  characteri^ic  difference  between 
n)ii>;nf!ti':  HulMtances  and  magnets. 


Hy  examining  a  magnet  wliicli  hti.H  lieen  placed  in  iron  filings 
(Fig.  '■Vl'.)),  the  latter  are  seen  not  only  to  lie  attached  more  imrticn- 
litrly  to  tlio  two  opposite  parts,  but,  moreover,  the  arrangement  of  the 
jiartich's  takes  a  special  direction,  as  if  in  each  part  where  the  attrac- 
tion is  strongest  there  is  a  centre  of  attraction.  Towards  the  middk 
of  the  bar,  on  the  contrary,  a  part  will  be  noticed  where  no  particle 
of  iron  has  attarhed  itsflf.  Tlie  two  extreme  points  of  the  magnet  arc 
culled  the  puli-x,  and  the  middle  R<'ctii)n  of  the  magnet  the  neu/ml 
line,  or  I'/nirtci:  Tin;  following  is  an  ox])erimpnt  which  shows  in  a  still 
inmc  sinking  niimnor  the  existence  of  (be  poles  and  the  neutral  line : — 
I  111  Mh'  '),iv  wbirli  siTVs  ;is  a  nit^iict  !i  sheet  of  cardboard  is  placed. 
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upon  which  very  fine  iroa  tilings  have  heen  sifted.  The  particlea  are 
Qow  secD  to  dispose  themselves  in  a  regular  manner  raund  the  pules 
of  tlie  inaguet,  aad  to  form  lines  which  are  convergent  and  symmetrical 
with  respect  to  the  neutral  line  »t  ta'  (Fig.  332).    Sometimes  a  magiiot 


pos.'^esses  more  than  two  poles :  besides  the  eKtri»iii('  jk)!?.*,  the  existence 
of  which  we  have  proved,  iiitenuodiate  points  are  observed  to  which 
the  iron  tilings  attach  themselves,  and  wliieli  are  also  separated  from 
each  other  by  neutral  lines,  as  i«  shown  in  the  niii^inetic  figures  repre- 


sented in  Fif;.  33.1.  These  are  ealle<I  anutcquriit  /uik.t.  It  is  easy 
now  to  explain  the  ilifference  which  exists  between  magnets  and 
magnetic  su'jstancos,  Tlie  latter  have  neither  poles  nor  neuli-id  lines : 
whichever  of  Iheir  (xjints  is  presented  to  the  (xjles  of  a  magnet  there 
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is  always  reciprocity  of  attraction,  whilst  a  magnet  acts  only  at 
its  poles. 

Let  us  take  two  or  more  magnetic  bars  and  suspend  them  at  their 
centres,  and  successively  approach  the  two  poles  of  any  one  of  them 
to  the  two  poles  of  the  others  ;  we  observe,  on  presenting  a  given  pole 
of  the  first  to  the  two  poles  of  the  second  magnet,  that  attraction  takes 
place  by  one  of  them  and  repulsion  by  the  other:  the  same  phe- 
nomena will  take  place  with  the  others.  All  the  poles  attracted  by 
the  pole  M  of  the  trial  bar  are  said  to  be  poles  of  the  same  name ;  let 
us  mark  them  with  the  letter  A :  while  all  the  poles  repelled  by  the 
same  pole  A  are  also  poles  of  the  same  name,  because  on  them  the 
action  is  in  the  same  direction  under  the  same  circumstances ;  let  us 
mark  them  with  the  letter  R.  If  now  the  opposite  pole  N  of  the  trial 
bar  is  presented  to  each  of  the  poles  of  the  other  magnetized  bars,  it 
will  be  found  that  it  repels  all  the  poles  A  and  attracts  all  the  poles  R; 

thus  in  every  way  the  two  opposite 
poles  of  the  same  magnet  are  poles 
of  contrary  names.  Let  us  see  now 
how  two  poles  of  the  same  name 
act  on  each  other:  to  this  end  we 
will  place  near  each  other  any  two 
of  the  poles  a,  or  again  any  two  of 
the  poles  R ;  in  both  cases  we  shall  iind  that  they  repel  each  other. 
If,  on  the  contrary,  we  present  two  poles  of  contrary  names,  a  pole 
A  and  a  pole  R,  they  will  be  seen  to  attract  each  other;  which 
proves  that  in  the  preceding  experiment  the  pole  M  of  the  trial  bar 
is  of  the  same  name  as  the  poles  R,  and  the  pole  N  of  the  same  name 
as  the  poles  A. 

We  may  sum  up  these  observations  as  follows : — 

Opposite  poles  of  the  same  magnet  are  of  contrary  nam^s  ;  if  the 
action  of  one  of  the  two  on  a  given  pole  of  a  magnet  is  attractive 
the  action  of  the  other  is  repulsive. 

The  poles  of  the  same  name  of  any  two  magnets  repel  each  other, 
while  poles  of  contrary  name  attract  each  other. 

We  here  have  a  distinction  which  mdically  separates  magnetic 
substances,  such  as  soft  iron,  from  artificial  or  natural  magnets,  and 
enables  us  to  determine  whether  a  steel  bar  or  a  specimen  of  oxide  of 
iron  is  a  magnet  or  not.     It  is  sufficient  to  observe  in  what  manner  a 
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magnet  comports  itself  in  the  presence  of  the  bar,  or  of  a  piece  of 
lodestone.  If  there  is  attraction  at  every  point,  it  is  not  a  m^net ; 
hut  if  there  is  attraction  at  one  extremity  and  repulsion  at  the  other, 
it  is  a  magnet,  not  simply  a  magnetic  substance. 

Magnetization  is  the  condition  of  a  substance  which  lias  the  pro- 
perty of  attracting  iron  and  other  magnetic  bodies,  and  which  sub- 
stance possesses  two  poles  and  a  neutml  line.  This  property  may  be 
permanent  or  temporary  :  it  is  permanent  in  natural  magnets  or  steel 
bars  magnetized  by  processes  of  which  we  shall  soon  speak.  The 
following  experiment  proves  that  it  is  temporary  in  magnetic  sub- 
stances which  are  in  contact  with  one  of  the  poles  of  the  magnet : — 

A  small  cylinder  of  soft 
iron  can  be  raised  by 
means  of  a  magnet;  this 
is  magnetized  by  the  indu- 
ence  of  the  magnet,  for  on 
approaching  a  second  cylin- 
der of  iron  to  its  extremity, 
it  undergoes  an  attraction 
and  is  also  raised.  Thus 
what  is  called  a  magnetic 
chain  can  be  formed  at  the 
end  of  the  bar,  composed  of 
pieces  of  iron  which  attract 
and  support  each  other. 
But  if  the  niF^net  in  con- 
tact with  the  first  piece  of 
soft  iron  is  removed,  in  an 

instant  all  the  others  fall,  thus  losing  tlie  tempoiary  magnetism  with 
which  the  presence  of  the  magnet  had  endowed  them.  Each  piece 
of  soft  iron  becomes  for  the  time  being  a  magnet  with  two  poles  and 
a  neutral  line,  and  this  is  proved  by  the  fact  that  if  magnetic  figures 
are  formed  during  the  contact  of  the  magnet  and  the  iron  cylinder, 
the  iron  filings  arrange  themselves  in  a  manner  wliich  correspond.! 
to  that  of  the  magnet  itself.  It  will  also  be  noticed  that  the  neutral 
line  is  nearer  the  pole  next  to  the  magnet  than  to  that  wliich  is 
more  remote.  M^netic  attraction  does  not  require  iibsohite  contact ; 
it  is  only  nece.wary  that  the  distance  be  snfiiciently  small  between 
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tht>  {xile  of  the  magnet  and  the  piece  of  soft  iron  vhicli  momentarilj 
aoquii^  the  polar  magDetism,  and  this  diatauoe  depeods  on  the 
strength  of  the  magnet  employed. 


— 3l«gihetjatlmt  b;  IdJIi 


When  a  magnetic  har  is  broken  into  two  or  more  pieces,  each 
piece,  however  small  it  may  he,  hecomes  a  complete  magnet  with  two 
poles  and  a  neutral  line ;  only,  its  magnetic  power  is  no  longer  so 
strong  as  in  tlie  first  magnet,  as  may  be  proved  by  the  weights  of 
soft  iron  which  each  is  competent  Xa  lift.  The  magnets  which 
proceed  from  this  rupture  have  their  poles  of  contrary  names 
end  to  end ;  that  is  to  say,  situated  at  the  two  extremities  of  the 
pieces  near  each  other  which  were  joined  before  the  rupture,  as  in 


A  mc^ctic  needle  is  a  lozeuge-shaped  piece  of  steel  endowed  with 
the  property  of  a  common  magnet;  that  is  to  say,  having  a  pole  at 
each  extremity  and  a  neutral  line  at  its  centre.  A  magnet  of  this 
kind  suspended  horizontally  in  a  loop  of  paper  by  an  untwisted 
thread  of  silk,  or  well  mounted  on  a  pivot  with  an  agate  centre, 
(Fig.  338)  in  sxich  a  way  that  it  can  turn  freely  in  every  direction, 
after  some  oscillations  always  aBsumes  a  certain  direction  in  a 
horizontal  plane ;  at  least,  it  Hndergocs  variations  of  but  slight 
Hinplitudc 
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This  property  of  the  magnetic  needle  to  turn  one  of  its  poles 
towards  the  northern  horizon,  has  been  utilized  for  centuries  by 
navigators.^ 

It  is  not  always,  however,  that  the  needle  turns  to  the  true  North, 
so  that  the  vertical  plane  passing  through  its  poles  does  not  coin- 
cide with  the  meridian  plane  of  the 
place.  The  angle  of  the  two  planes 
is  called  the  declination  of  the  mag- 
netic needle,  or,  simply,  declination. 
We  shall  see,  when  speaking  of  ter- 
restrial magnetism,  that  the  declina- 
tion is  not  the  same  in  every  part 
of  the  world ;  in  some  places  it  is 
nil,  in  other  regions  it  is  to  the 
east  and  in  some  to  the  west;  more- 
over, in  the  same  place,  it  varies 
in  the  course  of  centuries.  At  the 
present  time,  at  Paris,  the  declina- 
tion is  west,  and  about  18°  30',  that  ^.      ,^    ^. 

'  '  Flu.  ;{3^.—MiiKuetic  needle. 

is  to  say,  the  vertical  plane  passing 

tlirough  the  poles  of  the  magnetic  needle — a  plane  called  the  mag- 
netic meridian — makes  with  the  geographical  meridian  plane  an 
angle  of  18  degrees  and  a  half.  At  London  this  declination  is 
about  21°.  One  of  the  poles  of  the  needle  is  turned  nearly  to  the 
N.N.w.  This  constancy  of  direction,  in  freely  suspended  magnets 
in  a  horizontal  plane,  may  be  simply  put  to  the  test  by  a  mag- 
netized sewing  needle.  On  placing  it  on  a  cork  float  on  water 
perfectly  at  rest,  the  needle  assumes  the  direction  of  which  we 
have  just  spoken.  Moreover,  between  the  two  poles  of  the  needle, 
there  is  a  very  characteristic  difference  ;  for  if,  when  the  needle  is 
in  equilibrium,  it  is  turned  end  for  end,  it  does  not  keep  its  new 
position,  when  even   the   direction   which  has  been  given  to  it  is 

^  It  appears  certain  that  from  the  second  century  before  the  Christian  era,  the 
Chinese  used  compasses  indicating  the  direction  of  the  South.  These  compasses 
carried  a  little  statuette,  which  turned  on  a  Tertical  point,  the  extended  arm  of 
which  always  pointed  to  the  South,  because  it  contained  a  magnetic  needle,  whose 
south  pole  was  towards  the  hand  and  the  north  pole  towards  the  elbow.  (Th.  II. 
Martin.)  The  compass  with  a  balanced  needle  was  known  to  the  Arabs,  who 
doubtless  tninmiitted  it  to  Europeans  about  the  twelfth  centun'. 
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Fia.  33V  —  Ma^^etieileeliiuitiuD  in 
Fariti,  October  18«4. 


identical  with  the  first ;  it  will  be  seen  to  turn  on  itself,  describe  a 
semi-circle,  and  again  assume  its  original  position,  so  that  the  same 
pole  is  always  turned  to  the  north. 

If  instead  of  placing  the  magnetic 
needle  so  that  it  can  turn  freely  in  an 
horizontal  plane,  it  is  suspended  by  its 
centre  of  gravity  round  a  horizontal  axis, 
it  will  be  able  to  turn  freely  in  a  vertical 
plane.  Let  us  suppose  this  plane  the 
magnetic  meridian.  Then  the  one  of  the 
two  poles  turned  towards  the  north  is 
inclined,  and  dips  below  the  horizon, 
making  with  this  plane  an  angle  which 
is  called  the  magyutic  inclination.  In  some  parts  of  the  earth, 
near  the  equator,  the  inclination  is  nil;  it  increases  generally  in 
proportion  as  the  latitude  inci-eases,  and  near  the  poles  there  are 
points  at  which  it  is  at  a  right  angle :  the  magnetic  needle  there 
assumes  a  vertical  position;  these  are  the  magnetic  poles  of  the  earth. 
At  Paris,  the  inclination,  which  varies  slightly  from  year  to  year, 
is  at  the  present  time  about  66**. 

A  magnetic  needle  may  be  arranged  so  that  it  places  itself  in 
the  magnetic  meridian,  with  an  inclination  to  the  horizon  such 
as  we  have  just  stated.  Fig.  341  shows  an  arrangement  which 
allows  the  needle  to  turn  on  a  horizontal 
axis  passing  through  its  centre,  and  can 
then  take  up  the  local  dip  as  the  axis 
is  suspended  by  a  thread.  The  system 
begins  by  oscillating,  until  tlie  needle  is 
in  the  magnetic  plane,  and  then  it  dips 
to  an  extent  equal  to  the  inclination  at 
the  i)lace.  Elsewhere  we  shall  have 
occasion  to  descril)e  the  instruments  by 
which  we  accurately  measure  the  inclina- 
tion and  declination  of  the  magnetic  needle :  to  these  instruments 
the  name  of  magnetometers  has  been  given. 

These  experiments  prove  to  us  that  the  terrestrial  globe  exercises 
an  influence  on  a  magnet  similar  to  that  which  one  magnet  exercises 
on  another.     It  is  just  as  if,  at  the  interior  of  the  earth,  there  existed 


Fio.  340.— Inclination  Df  the  ne«dle 
at  Paris,  October  lb04. 
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a  powerful  maguet  possessing  two  poles.  Physicists  have  stopped 
at  this  hypothesis,  which,  moreover,  does  not  imply  the  existence  of 
a  material  mass  analogous  to  the  natui^al  magnets,  and  lying  in  the 
deep  strata  of  our  spheroid;  as 


/■• 


we  shall  see  when  we  study 
the  relations  which  exist  be- 
tween magnetic  and  electric 
phenomena.  If  the  earth  is 
compared  to  a  magnet,  the  pole 
in  the  northern  hemisphere  will 
naturally  be  called  the  northern 
magnetic  pole,  and  that  in  the 
southern  hemisphere  the  south- 
ern magnetic  pole.  But,  from 
the  preceding  we  have  learnt 
that  poles  of  contrary  names 
attract  each  other,  while  those 
of  the  same  name  repel  each 
other ;  it  follows,  therefore,  that 
the  pole  of  the  magnetic  needle 
which  turns  to  the  north  is  the 

southern  pole  of  the  needle,  whilst  the  pole  turned  towards  the 
south  is  its  northern  pole.  When  the  position  of  the  needle  has 
only  to  be  considered,  its  southern  pole  is  called  the  north  pole, 
and  its  northern  pole  the  south  pole.  But  if  the  law  of  the  mutual 
action  of  the  two  magnets  is  well  understood,  their  denominations 
cannot  be  equivocal. 


^'-• 


Fio.  341. — Magnetic  needle,  showing  both  the 
inclination  and  declination. 


The  inclination  and  declination  of  the  magnetic  needle  are  subject, 
in  different  regions  of*  the  globe,  to  variations,  some  of  which  are 
periodical  whilst  others  appear  to  be  irregular.  Sometimes  even  the 
needle  undergoes  perturbation,  as  if  the  terrestrial  globe  was  the 
seat  of  real  magnetic  storms  ;  then  we  see  towards  the  polar  regions 
luminous  phenomena,  visible  at  great  distances,  known  as  the 
northern  or  southern  auroras.  Plat6  IX.  rei)resents  a  polar  aiirora 
observed  in  the  north  of  the  Scandinavian  peninsula.  We  shall 
give  a  description  of  this  phenomenon  in  Book  VII.,  devoted  to 
atmospheric  meteors. 
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Hitherto  we  have  only  spoken  of  the  direction  of  the  actiona 
which  magnets  exercise  on  each  other,  or  on  magnetic  substances. 
The  intensities  of  the  forces  of  attraction  and  repulsion  which  reside 
in  the  poles  of  magnets  have  also  been  measured.  Ii'or  this  purpose 
Coulomb  used  an  instrument  similar  to  the  torsion  balance,  which 
enabled  him  to  measure  these  forces;  this  is  the  m^netic  balance 
represented  in  Fig.  342. 


A  long  magnetic  bar  is  suspended  by  a  metal  thread  placed  so 
that  it  is  in  the  magnetic  meridian  without  any  torsion  of  the  thread ; 
if  the  thread  is  now  turned  in  such  a  way  as  to  throw  the  bar  out 
of  this  first  position,  and  to  cause  it  to  mabe  a  certain  angle  with 
it,  the  force  of  torsion  will  be  equivalent  to  the  intensity  of  the 
action  of  the  terrestrial  magnetism  which  tends  to  bring  back  the 
bar  into  the  magnetic  meridian.  Coulomb  commenced  by  assuring 
himself  that  this  intensity  is  proportional  to  the  angle  of  displace- 
ment of  the  bar,  for  .small  deviations.  If  we  then  pbce  vertically 
at  the  side  of  the  instrument,  as  shown  in  the  figure,  another 
mafrnet  in  the  magnetic  muridian  (shown  by  the  dotted  line),  and 
in  front  of  the  polo  of  the  same  name,  repulsion  ensues;  the  sus- 


CHAP.  I.]  MAGNETS.  523 


pended  magnet  turns  until  a  position  of  equilibrium  is  attained. 
The  repulsive  force  of  the  two  magnets  is  measured  by  the  sum  of 
the  two  forces, — the  terrestrial  magnetic  force  on  the  one  hand,  and 
the  force  of  torsion  developed  in  the  thread  on  the  other.  If  now, 
by  the  rotation  of  a  micrometer  situated  at  the  upper  part  of  the 
instrument,  the  two  poles  are  gradually  brought  nearer  together, 
and  if,  at  each  operation,  the  intensity  of  the  repulsive  force  is 
measured,  the  law  which  Coulomb  discovered  will  be  proved :  it 
is  as  follows  : — 

Magnetic  repulsions  vary  in  the  inverse  ratio  of  the  sqiuircs  of  the 
distances  through  which  they  are  exercised. 

By  another  method,  which  consists  in  counting  the  number  of 
oscillations  which  a  magnetic  needle  makes  when  one  of  its  poles  is 
placed  in  the  presence  of  the  pole  of  contrary  name  of  another 
magnet,  at  different  distances.  Coulomb  j^roved  that  the  same  law 
of  variation  in  inverse  ratio  of  the  squares  of  the  distances,  applies 
to  magnetic  attractions  as  well  as  to  repulsions.  We  shall  hereafter 
find  that  it  also  governs  electrical  forces. 

At  the  commencement  of  this  chapter  we  said    that    masses 
of  steel   are   capable  of   acquiring  the   properties   of  natural  mag- 
nets :  to  obtain  this  result  several  pro- 
cesses are  used,  which  we  shall  now 
describe. 

The  oldest  mode  of  magnetization 
is  that  of  single  touch,  which  consists 
in  placing  the  i)ole  of  a  magnet  in  con-      f»<j  .143— Pmcewes of magnetiMtion. 

r  tr>  I  o  Metho.1  of  single  Umrh. 

tact  with  one  of  the  extremities  of  a 

tempered  steel  bar.  After  a  certain  time  the  bar  is  found  to  be  mag- 
netized, with  a  pole  at  each  of  its  extremities.  A  more  powerful 
magnetization  is  obtained  by  passing  the  magnet  several  times 
from  one  end  to  tlie  other  of  the  bar  which  is  to  be  magnetized 
(Fig.  343).  The  touching  ought  always  to  be  done  with  the  same 
pole  and  in  the  same  direction.  The  pole  a,  obtained  at  the 
extremity  at  which  the  movement  begins,  is  of  the  same  name 
as  the  pole  a  of  the  magnet  which  is  placed  in  contact  with  the 
steel  bar. 

There  are   several  methods  of  magnetization — discoveieil   about 
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the  middle  of  the  last  century — which  are  distinguished  from  the 
first  by  the  term  of  double  touch,  because  two  magnets  are  used 
instead  of  one.  We  shall  only  describe  the  methods  of  ^pinus 
and  of  Duhamel. 

The  bar  to  be  magnetized,  a  b,  is  placed  with  its  two  extremities 
on  the  contrary    poles  of  two   powerful  magnets,  a'b',    two  other 


Fio.  344. — Magnetism  by  seiMtrate  double  touch.    Duhamers  procew. 

magnets,  a,b,  are  then  taken,  which  are  inclined  from  25  to  30 
degrees  over  the  middle  of  the  bar,  the  two  contrary  poles  are  placed 
opposite  to  each  other,  and  care  is  taken  that  each  of  these  poles  is 
on  the  side  of  the  pole  of  the  same  name  belonging  to  the  fixed 
magnets  a'  b'.  If  the  moveable  magnets  are  passed  in  the  opposite 
direction  several  times  without  changing  their  inclination,  the  polar 
magnetism  is  developed  in  the  steel  bar,  which  acquires  two  poles, 
a  b,  of  contrary  names  to  the  poles  B  b',  a  a'  of  the  magnets  used. 
This  is  DuhameVs  process ;  it  gives  powerful  magnetization,  but  not 
at  all  regular,  and  it  sometimes  produces  consequent  points.  The 
process  of  uEpinus  only  differs  from  that  of  Duhamel  by  the  two 
moveable  magnets  being  inclined  from  45  to  50  degrees,  and  after 
having  placed  them  in  contact  and  bound  them  together  at  the 
middle  of  the  steel  bar,  both  are  passed  together  from  one  extremity 
of  the  bar  to  the  other.  The  magnetization  thus  obtained,  is  not  only 
more  powerful  than  the  preceding  but  more  regular.  Therefore  the 
separate  double  touch  is  preferred  when  needles  are  to  be  magnetised 
for  compasses. 

Steel,  or  even  soft  iron  bars,  can  be  magnetized  without  the  use 
of  artificial  or  natural  magnets,  if  they  are  placed  in  the  plane  of 
the  magnetic  meridian  and  in  the  direction  of  the  inclination. 
In  this  position  a  steel  bar  is  magnetized  along  its  whole  length,  and 
obtains  all  the  properties  of  a  magnet ;  a  bar  of  soft  iron  becomes 
a  magnet,  but  only  a  temporary  one ;  the  magnetic  action  of  the 
trrrestrial  cTlol)e  magnetizes  bv  influence,  or  induction  as  it  is  called. 
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If  one  of  the  extremities  of  a  magnet  thus  produced  is  struck  with 
a  hammer,  the  magnetic  force  of  the  bar  is  not  only  increased,  but 
it  becomes  permanent. 

Pieces  of  wire  strongly  stretched  whilst  held  in  the  direction  of 
the  dipping  needle  are  magnetized ;  and  if  they  are  united  by  their 
poles  of  similar  name  in  a  single  sheaf,  a  very  powerful  magnet  may 
be  obtained.  To  magnetize  by  the  action  of  terrestrial  magnetism 
it  is  sufficient  to  hold  the  bar  of  iron  or  steel  vertical,  while  one 
of  its  extremities  is  struck  with  a  hammer.  In  this  manner  this 
bar  is  in  the  plane  of  the  magnetic  meridian,  but  without  the  in- 
clination of  the  magnetized  needle. 

This  action  of  the  earth  well  explains  how  it  happens  that  in 
shops  in  which  steel  and  iron  are  worked,  a  great  number  of  tools 
become  magnetic,  shovels,  pincers, 
iron-work  of  windows,  and  generally 
all  the  pieces  of  iron-work  which  are 
a  long  time  in  a  position  i)erpen- 
dicular  to  the  horizon ;    this  is  also 

the      case      with     the      crosses     which         na.  345.-Mmni^ti«tIon  by  the  method 

surmount  church  towers.     We  shall  ofiEpinn-. 

soon  have  occasion  to  speak  of  the  magnetism  obtained  by  electric 
currents,  but  it  was  known  for  a  length  of  time  that  lightning  could 
communicate  magnetic  properties  to  iron.  In  the  article  Magnet 
in  D'Alembert  and  Diderot's  Encyclopajdia  we  read :  "  One  day 
lightning  entered  a  room  in  which  there  was  a  l>ox  of  steel 
knives  and  forks  destined  for  sea  use;  the  lightning  entered  by 
the  southern  angle  of  the  room,  exactly  where  the  box  was 
placed ;  several  knives  and  forks  were  melted  and  broken ;  others 
which  remained  whole  were  strongly  magnetized,  and  bectune  com- 
petent to  lift  large  nails  and  iron  rings,  and  this  magnetic  virtue 
was.  so  strongly  impressed  that  it  was  not  dissipated  when  they 
became  rusty." 

The  strength  of  magnets  alters  in  the  course  of  time :  shocks, 
changes  of  temperature,  and  lastly,  the  action  of  the  earth  are  the 
causes  of  this  alteration.  The  strength  depends  on  the  volume  of 
the  magnet,  its  form  and  the  temi>er  of  the  steel ;  thus,  in  two 
similar  magnetized  bars,  the  magnetic  intensity  is  proportional  to 
their    size,   or,   in    other    words,   to    cubes    of    equal    dimensions : 
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nevertheless,  it  has  been  noticed  that  small  magnets  are,  in  pro- 
portion, mora  powerful  than  large  ones :  some  have  been  made 
which  supported  pieces  of  iron  whose  weight  was  a  hundred  timea 
their  own.  This  suggested  the  idea  of  forming  magnets  by  uniting 
a  series  of  magnetic  bars  by  their  similar  poles :  these  are  c^ed 
compound  magnets.  Fig.  346  shows  how  these  magnets  are  arranged. 
In  the  Koyal  Institution  of  London  there  is  a  compound  ma^et, 
formed  of  450  plates,  each  of  which  is  40  centimetres  in  length.  It 
is  sufficiently  powerful  to  lift  50  kilogrammes. 

Form  also  influences  the  strength  of  magnets ; 
thus,  with  equal  weights,  a  lozenge-shaped  mag- 
netic needle  is  more  powerful  than  a  rectangular 
bar. 

The  temper  of  the  steel  has  a  great  inQuence 
on  the  force  of  the  magnetized  bar:  tempered 
steel  is  mi^netized  more  strongly  than  non-tem- 
pered steel ;  if  it  is  subjected  to  increasing  tem- 
peratures, the  magnetic  force  is  weakened  more 
and  more.  Coulomb  has  shown  however,  that  the 
result  is  quite  different,  if,  instead  of  workii^ 
with  rectangular  bars,  very  fine  and  long  needles 
are  employed ;  in  this  case  heating  increases  their 
magnetic  force, 

^n8i^ronn^^"°fwe!yt         Lastly,  temperature  has  a  great  Influence  on 
nagnetinani.  ^^^^   j.^^^   ^j.  ,^jjg^g(^      ^   magnetic    bar    when 

heated  to  redness  loses  all  its  magnetism,  the  intensity  diminishing 
as  the  temperature  rises,  as  stated  by  Coulomb.  But  if  the  varia- 
tions of  heat  take  place  within  narrow  limits,  the  magnetic  in- 
tensity varies  only  slightly,  and  the  magnet  resumes  in  cooling 
the  strength  which  it  originally  possessed.  This  refers  to  polar 
magnetism,  that  is  to  say,  that  possessed  by  magnets;  but  it  is 
also  the  case  with  simple  magnetic  substances  like  soft  iron,  nickel, 
&c.,  which  also  lose  their  property  when  their  temperature  is  raised 
to  a  (lurtiiin  degree.  Iron  is  not  mE^;netic  if  it  is  hejited  to  a  cherry 
red-heat,  and  the  same  happens  in  the  cjise  of  cast-iron  lieated  to 
whiteness.  Above  '.i'til",  nickel  is  no  longer  magnetic,  and  man- 
ganese only  becomes  so  below  y.cro,  about — 20°.  niesc  hist  resulls 
are  due  to  il.  I'ouilk't, 
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We  have  now  to  speak  of  tbe  means  employed  to  preserve  the 
magnetic  force  in  natural  and  artificial  magnets.  iElxperiment  has 
proved  that  magnetic  bars,  united  parallel  to 
each  other,  two  bj  two,  in  a  box,  so  that 
the  opposite  poles  are  ti^ether,  preaen'e 
their  magnetism,  if  care  is  taken  to  join 
the  contrary  poles  by  bars  of  soft  iron, 
-which  are  called  armature,  or  keepers. 

An  armature  is  used  to  increase  the  power 
of  a  magnet.  When  these  are  used  it  is 
sometimes  curved  in  the  form  of  a  horse- 
shoe, the   armature   uuitinf;   tlie  two  poles. 

A  magnet  armed  in  this  way  (Fig.  347) 
carries  not  only  a  greater  weight  than  that 
which  a  single  pole  could  carry,  but  double 
that  weight  By  uniting  two  rectangular 
magnets  or  compound  magnets,  turned  so 
that  their  opposite  polea  A,  B  are  joined  by  a 
flimilar  armature  (Fig.  H48).  a  very  strong 
magnet  is  obtained.  Experiments  also  show 
that  magnets  thus  arranged  keep  their 
magnetic  force  better  if  they  are  left  armed  ^^ 
with  their  keepers,  or  if  the  chaise  of  iron  "'"i™ »™Knr« .na nwper. 
that  they  ate  able  to  lift  is  suspended  on  it,  always  provided  that  it 


does  not  exceed  that  limit;    for  then,  the  keeper  being   suddenly 
detached,  the   magnetic   force  of  the   magnet  is  weakened. 
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Masses  of  magnetic  oxide  of  iron,  which  constitatee  natural 
magnets,  have  often  but  feeble  magnetism ;  but  their  magnetic 
virtue  has  been  increased  by  furnishing  them  with  pieces  of  soil 
iron  conveniently  arranged.     Fig.  349  shows   how  these   annatures 


are  placed :  m  m'  are  plates  of  soft  iron  with  which  the  natural 
mi^et  is  enclosed,  and  which  are  terminated  by  thicker  masses 
pp',  these  forming  real  poles  to  the  magnet ;  c  is  the  armature  or 
keeper.  Finally,  plates  of  copper  are  used  to  support  the  plates  of 
soft  iron  round  the  mass  of  magnetic  oxide. 
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ELECTRICITY. 


CHAPTER  I. 

ELECTBICAL  ATTRACTION   AND   REPULSION. 

Attraction  of  amber  for  light  bodies. — Gilbert's  discoveries  ;  electricity  developed 
by  the  friction  of  a  number  of  bodies. — Study  of  electrical  attraction  and 
repulsion ;  insulators,  or  bad  conductors ;  good  conductors. — Electrical  pendulum. 
— Resinous  and  vitreous,  positive  and  negative  electricity. — Laws  of  electrical 
attraction  and  repulsion. — ^Distribution  of  electricity  on  the  surface  of  bodies. 
—Influence  of  points. 

rpHE  ancients  discovered  that  amber,  when  it  is  quickly  rubbed  with 
-^  a  piece  of  woollen  stuff,  and  brought  near  light  bodies  such  as 
bits  of  straw,  pieces  of  paper,  or  feathers,  causes  them  to  move  towards 
it,  as  if  attracted  by  some  mysterious  force.  Thales  of  Miletus,  who 
lived  600  years  before  the  present  era,  mentioned  this  property ;  and 
the  Greek  philosopher,  Theophrastus,  speaks  of  jet  as  likewise  possess- 
ing it.  But  to  these  two  facts  alone,  during  more  than  two  thousand 
years,  the  knowledge  of  physicists  was  confined,  so  far  as  this  class  of 
phenomena  is  concerned.  Pliny  the  naturalist,  on  mentioning  the  first 
fact,  stated  that  "  friction  gives  to  amber  heat  and  Ufa" 

About  the  year  1600,  an  English  doctor,  William  Gilbert,  to  whom 
science  owes  many  discoveries  concerning  the  properties  of  the  magnet, 
discovered  that  glass,  sulphur,  resins,  and  various  precious  stones 
possessed  the  attractive  property  of  amber.  Since  that  time  a  great 
number  of  physicists  have  extended  the  researches  of  Gilbert,  and 

M  M  2 


532  PHYSICAL  PHENOMENA.  [book  vi. 


brought  to  light  many  curious  phenomena  before  unknown,  and  thus 
contributed  to  found  the  branch  of  physics  which,  under  the  name  of 
electricity,  has  now  undergone  so  much  extension  and  is  of  so  much 
importance.  The  word  electricity  means  more  paiticulariy  the  cause, 
even  now  unknown,  of  the  phenomena  we  are  about  to  describe  ;  it  is 
^:  \      /i   ..:    1 .   (ii<  I  k  iiiiii;o  of  yellow  amber,  electron  (^Aticrpoi/).^ 

^uthiiig  is  more  easy  than  to  produce  the  phenomena  of  attraction 
of  which  we  have  just  spoken.  A  stick  of  amber,  glass,  or  resin,  is 
quickly  rubbed  with  a  piece  of  cloth ;  if  now  the  rubbed  parts  are  held 
near  pieces  of  straw  or  paper,  at  a  distance  of  a  few  centimetres,  these 
are  seen  to  approach  the  surf'ace  of  the  glass,  very  much  as  iron  filings 
are  attracted  by  the  magnet,  but  as  soon  as  they  come  into  contact 
with  the  rubbed  surface  the  attraction  is  changed  into  repulsion,  and 
the  light  substances  move  away.  When  the  substance  rendered 
electric  by  friction  is  passed  at  a  short  distance  over  tlie  face,  a  sensa- 
tion is  perceived  similar  to  that  of  a  cobweb  coming  in  contact  with 
it.  If  the  rod  of  resin  is  rather  large,  and  the  friction  energetic  and 
prolonged,  a  sharp  crackling  noise  is  heard,  when  we  place  our  finger 
very  near  it,  and,  if  the  room  is  dark,  a  spark  will  be  seen  to  pass 
between  the  finger  and  the  nearest  portion  of  the  rod.  These  various 
phenomena  cease,  if  the  hand  is  passed  over  the  rubbed  substance. 

A  body  is  said  to  be  electrified  so  long  as  it  shows  in  any  degree 
the  properties  indicated  in  these  experiments;  it  is  in  its  natural 
state  when  it  gives  no  sign  of  attraction  or  repulsion. 

For  some  length  of  time,  it  was  imagined  that,  electrically  con- 
sidered, all  substances  must  be  ranged  into  two  distinct  classes :  one 
comprising  those  which  are  susceptible  of  becoming  electric  by  friction ; 
the  other,  those  which  could  not  acquire  this  property.  It  had  been 
discovered,  in  fact,  on  repeating  the  preceding  experiments  with  sub- 
stances of  every  kind,  that  metals,  stones,  vegetable  and  animal 
matter,  and  the  human  body,  for  instance,  do  not  give  rise  to  the 
same  phenomena  as  amber,  resins,  glass,  sulphur,  &c.  But  Gray,  a 
physicist  of  the  last  century,  determined  the  cause  of  this  difference, 
and  showed  that  it  referred  only  to  the  particular  conditions  under 
which  the  experiments  were  made. 

^  Yellow  amber  is  a  kind  of  fossil  resiii,  which  is  found  in  great  abundance  on 
the  coasts  of  the  Baltic.  It  has  for  a  length  of  time  been  employed  on  account  of 
its  beauty  of  colour  and  transparency  as  an  ornament  in  dress  and  jewellery. 
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Indeed,  aftet  nibliing  a  glass  tube  closed  with  a  cork  stopper, 
we  perceive  that  tlie  stopper  itself  is  electrified,  although  the  cork 
rubbed  separately  does  not  give  any  sign  of  electricity.  Gray  studied 
this  transmission  of  electricity,  and  proved  that  it  could  take  place 
through  a  great  distance,  througli  bodies  which  until  then  were 
considered  incapable  of  being  electrified  by  friction.  On  tlia 
other  hand,  this  tranamission  cannot  take  place  with  substances 
capable  of  being  directly  electrified  under  the  conditions  previously 
stated.       It  follows    from    tlieae    experiments,    that   diflferent    sub- 
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stances  possess  iu  different  degrees  the  property  of  conducting  elec- 
tricity ouce  developed ;  bodies  which  were  before  considered  as  only 
susceptible  of  being  electrified  by  friction,  are  precisely  those  which 
conduct  electricity  the  least — they  are  had  condvetors.  Those,  on  the 
contrary,  which  it  had  been  found  impossible  to  electrify,  are  good 
cortductors.  The  consequences  of  this  new  distinction  are  imiwrtast, 
and  we  shall  see  they  are  proved  by  experiment.  As  glass,  amber, 
resin,  &c  are  bad  conducting  bodies,  electricity  can  only  be  developed 
in  the  rubbed  portions ;  and  this  is  proved  by  observation.  But  if  they 
are  touched  by  the  hand,  which  is  a  good  conductor  like  the  rest  of  the 
body,  electricity  passes  to  the  latter,  then  to  the  ground,  and  disappears 
always  at  the  points  where  contact  takes  place.    We  have  seen  that  it 
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quite  disappears  if  the  hand  is  passed  over  the  whole  surface  of  the 
electrified  rod.  When  a  metallic  cylinder  is  rubbed,  it  will  be  under- 
stood that  no  sign  of  electricity  can  manifest  itself;  and,  indeed,  as 
metals  are  excellent  conductors,  if  electricity  is  produced,  it  instantly 
extends  over  the  whole  surface  of  the  metal,  and,  through  the  inter- 
vention of  the  body  of  the  operator,  passes  to  the  ground.  If  a 
handle  made  of  some  bad  conducting  body,  glass  for  instance,  is  fitted 
to  the  metallic  cylinder,  and  if  this  handle  is  held  in  the  hand  whilst 
the  metal  is  being  rubbed,  the  latter  becomes  electrified  and  acquires 
the  properties  which  we  have  described  above  as  belonging  to  glass, 
resin,  and  amber.  For  this  reason  the  name  of  iiisulatvng  bodies  is 
given  to  bad  conductors ;  by  insulating  any  substance  whatsoever,  it 
becomes  susceptible  of  being  electrified  by  friction. 

These  experiments  can  be  repeated  under  a  variety  of  forms. 
A  person  standing  on  a  stool  with  glass  legs  is  electrified  when  he  is 
rubbed  with  the  skin  of  a  cat ;  on  placing  the  finger  near  any  part  of 
his  body  sparks  will  pass  from  him,  and  during  the  whole  time  of 
electrization  he  perceives  a  singular  sensation  on  the  face,  like  that 
caused  by  an  electrified  rod. 

Water  is  a  good  conductor ;  and  in  the  state  of  vapour  it  possesses 
the  same  property.  This  is  the  reason  why  great  care  must  be 
taken  when  electricity  is  being  obtained,  not  only  to  insulate  the 
substance  operated  upon  if  it  is  a  good  conductor,  but  to  wipe  and 
dry  the  handle  or  glass  supports,  or  other  insulators.  This  is  also 
the  reason  why  electricity  is  produced  with  greater  facility  in  dry 
than  in  damp  weather;  the  room  in  which  the  experiments  are 
made  must  be  dried  as  much  as  possible  previously,  so  that 
the  air  which  it  contains  may  contain  as  little  aqueous  vapour  as 
possible.  To  avoid  the  escape  of  electricity  by  the  insulating  glass 
supports  which  are  generally  employed  in  electrical  apparatus,  they 
are  covered  with  a  layer  of  shellac  varnish,  the  surface  of  which  is 
not  hygrometric  like  that  of  glass. 

Various  substances  may  be  arranged  according  to  their  order  of 
conductibility  in  two  classes,  viz.  into  good  and  into  bad  conductors 
or  insulators,  but  in  each  of  them  the  conducting  property  is  affected 
in  different  degrees,  so  that  no  substance  is  absolutely  without  it. 
The  following  table  gives  a  few  substances  arranged  in  the  order  of 
their  decreasing  conductibility : — 
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Oood  eondnetlng  bodlM. 
Met&b. 

Burnt  cboKOAL 
OTspbito. 
Addalated  water. 
MineraU. 
Water. 

Vef^table  substances. 
Animftl  substances. 
Steam. 

Powdered  glua. 
Flour  of  salphur. 


id  condnctiDg  or  LniolAtlng  IwdLvs. 

Ice. 


Phosphorus. 
CiiDutchoue. 
Porcelain. 

Silk. 

Olau. 

Sulphur. 

Besin. 

Amber. 

Shellac. 


From  this  it  is  seen  that  electrical  conductibility  ia  not  influenced 
by  the  chemical  nature  of  the  substance,  so  much  aa  by  its  physical 


condition  or  molecular  structure.  Thus  ice  is  in  the  Dumber  of  the 
insulators,  whilst  water  and  steam  are  amongst  the  conductors' 
Sulphur  and  glass  in  large  masses  are  bad  conductors;  but  when 
reduced  to  very  fine  powder  they  conduct  electricity  very  readily. 
Coal  in  the  oniinary  state  is  an  insulator,  but  it  becomes  a  conductor 
when  calcined ;  carbon  crystallized,  or  in  the  state  of  diamond,  is  a 
had  conductor,  but  graphite,  which  is  another  niineralogioal  form  of 
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carbon,  is  a  good  conductor.  Heat  has  great  influence  on  the  electrical 
conductibility  of  bodies ;  a  high  temperature  confers  this  property 
upon  several  bodies  which  are  insulators  at  the  ordinary  temperature ; 
glass,  sulphur,  shellac,  and  gases,  are  among  this  number. 

We  will  now  return  to  the  phenomena  of  electrical  attraction  and 
repulsion,  and  study  them  in  greater  detail 

We  shall  for  this  employ  a  very  simple  instrument,  to  which  the 
name  of  the  electrical  pendulum  (Fig.  351)  has  been  given.  It  is  a  little 
ball  of  elder  pith  suspended  by  a  silk  thread  to  a  stand,  and  is  con- 
sequently insulated,  as  silk  is  a  bad  conductor.  By  holding  near  the 
pith  ball  a  rod  of  electrified  resin,  we  observe  that  there  is  first 
attraction;  but,  so  soon  as  contact  has  taken  place,  the  ball  is 
repelled  from  the  resin,  and  this  will  continue  to  be  the  case  even 
w^hen  the  rod  of  resin  is  again  brought  near  to  it.  In  this  state,  the 
pith  ball  is  electrified,  which  is  easily  seen  by  holding  the  finger  to  it, 
for  then  it  is  attracted  ;  on  touching  it  with  the  hand,  after  contact 
with  the  resin,  it  is  neither  attracted  by  the  finger  nor  repelled  by  the 
rod  of  resin  ;  the  electricity  which  it  possessed  has  passed  into  the  earth 
through  the  body  of  the  operator.  If,  instead  of  using  a  rod  of  resin, 
an  electrified  glass  rod  is  employed,  the  same  phenomena  manifest 
themselves  in  the  order  we  have  just  described:  there  is  attraction 
and  contact,  then  repulsion.  So  far,  no  difference  has  been  observed 
between  the  electricity  developed  on  the  resin  and  that  developed  on 
the  glass,  when  these  two  bodies  are  rubbed  with  a  piece  of  cat-skin 
or  silk.  But  let  us  suppose  that  after  having  obtained  the  repulsion 
of  the  pith  ball  by  means  of  the  electrified  resin,  a  glass  rod  electrified 
by  cat-skin  is  brought  near  the  pith  ball.  The  pith  baU  is  now 
attracted  by  the  glass  as  strongly  as  if,  instead  of  having  been  pre- 
viously electrified  by  resin,  it  had  remained  in  its  natural  condition. 
The  same  phenomena  of  attraction  will  be  manifested,  if,  after  having 
electrified  the  ball  by  contact  with  the  glass  rod,  a  piece  of  resin 
electrified  by  cat-skin  or  silk  is  placed  near  it. 

Thus  the  electricity  developed  on  the  resin  and  that  developed 
on  the  glass  by  friction  of  the  cat's  skin  or  silk  acts  under  the  same 
circumstances,  in  an  opposite  manner ;  fur  the  one  attracts  the 
electrified  body  which  the  other  repels,  and  reciprocally.  Hence, 
electricity  was  distinguished  by  the  earlier  experimenters  into  two 
kinds,  and   the   names   given  were   resinous  electricity  and   vitrecus 
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elecirtcUy.  On  repeating  the  preceding  experiments  with  amber, 
sulphur,  wax,  paper,  &c.,  it  will  be  seen  that  these  substances  act, 
some  like  the  resin  and  others  like  the  glass ;  and  it  is  then  said  that 
they  are  charged  either  with  resinous  electricity  or  with  vitreous 
electricity.  These  terms  are  now  abandoned,  and  for  the  following 
reason : — As  all  bodies  are  capable,  as  we  have  just  seen,  of  being 
electrified  by  friction,  it  is  clear  that  if  one  of  the  rubbed  bodies  is 
electrified,  the  other  must  be  electrified  as  well ;  and  this  is  confirmed 
by  experiment.  But  it  has  been  shown,  besides,  that  electricity 
developed  on  one  of  the  bodies  is  not  the  same  as  that  developed  on 
the  other ;  for  example,  if  two  discs  are  taken,  one  of  polished  glass 
and  the  other  of  metal  covered  with  cloth,  each  furnished  with  an 
insulating  handle,  and  if  after  they  have  been  rubbed  against  each 
other  they  are  suddenly  separated,  the  glass  disc  will  be  found  charged 
with  vitreous  electricity,  and  the  cloth  with  resinous  electricity,  as 
may  easily  be  proved  on  trying  the  action  which  each  of  them 
exercises  on  an  electrical  pendulum,  the  ball  of  wliich  has  been 
previously  electrified  in  the  same  manner  in  each  case. 

But  this  is  not  all ;  it  will  be  noticed  that  the  nature  of  the  elec- 
tricity developed  on  a  body  changes  according  to  the  body  with  which 
it  is  rtf.bhed :  thus,  glass,  which  we  have  seen  taking  up  vitreous  elec- 
tricity when  it  is  rubbed  with  silk,  on  the  other  hand  takes  resinous 
electricity  if  it  is  rubbed  with  cat-skin.  Shellac  becomes  charged 
with  resinous  electricity  if  it  is  rubbed  with  a  cat's  skin  or  flannel ; 
while  it  acquires  vitreous  electricity  if  it  is  rubbed  with  a  piece  of 
unpolished  glass.  By  retaining  the  terms  we  have  just  used,  a  cer- 
tain confusion  may  occur,  for  which  reason  the  names  of  positive  and 
negative  electricity  have  been  substituted  for  those  of  vitreous  and 
resinous  electricity.  Moreover,  we  must  not  attach  to  these  words 
other  signification  than  this:  positive  electricity  is  that  developed 
on  glass  by  rubbing  it  with  silk;  negative  electricity  is  that  ob- 
tained on  resin  by  rubbing  it  with  cat's  skin.  But  the  method 
of  action  of  these  two  kinds  of  electricity  may  be  summed  up  in 
two  very  simple  laws :  1st,  all  bodies  electrified  either  positively 
or  negatively  attract  light  bodies  in  their  natural  state.  2.  Two 
bodies  charged  vrith  electricities  of  contrary  names  cUtract  eaxk 
other ;  two  bodies  charged  with  electricities  of  the  same  naine  repel 
each  other. 
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There  is  no  exception  to  these  laws,  but  the  conditions  of  produc- 
tion of  one  or  the  other  kind  of  electricity  are  extremely  complex ;  the 
same  substance,  we  have  just  seen,  is  sometimes  electrified  positively 
and  sometimes  negatively,  according  to  the  substance  ¥rith  which  it 
is  rubbed.  But  modifications,  often  but  slightly  apparent  on  the  sur- 
face of  bodies,  change  the  nature  of  the  electricity  developed.  Thus 
polished  and  unpolished  glass,  both  rubbed  with  cat-skin,  take,  the 
first,  positive  electricity,  the  second,  negative  electricity;  two  discs  of 
similar  glass  rubbed  against  each  other  are  electrified  sometimes  in 
one  way  and  sometimes  in  another;  heat  possesses  great  influence, 
and  the  greater  number  of  hot  substances  acquire  n^ative  electricity. 

Many  curious  experiments  have  been  made  as  to  the  conditions 
which  determine  one  or  the  other  mode  of  electrization ;  but  little  is 
as  yet  known  as  to  the  causes  of  these  singular  phenomena,  and  the 
theories  which  have  been  started  to  explain  them  have  no  greater 
advantage  than  to  classify  the  facts,  and  thus  render  them  more  easy 
to  fix  in  the  memory. 

An  insulating  body,  or  a  bad  conductor,  can  be  electrified  either 
by  friction  or  by  the  contact  of  another  body  already  electrified.  We 
shall  soon  see  another  mode  of  electrization,  which  consists  in  develop- 
ing electricity,  at  a  distance,  by  vnJlueHce  or  indtustian.  It  is  in  all 
cases  interesting  to  know  how  the  electricity  is  distributed  in  a  body ; 
if  it  spreads  itself  through  the  entire  mass  or  only  on  the  surface — 
if,  in  every  part  where  its  presence  is  manifested,  it  exerts  the  same 
energy — ^in  a  word,  what  is  its  tension  in  the  different  parts  of  bodies 
of  different  form. 

One  of  the  facts  which  experiment  has  already  revealed  to  us  is, 
that  in  cm  insulated  body,  electricity  is  located  on  the  surface  which 
ha43  been  rubbed,  or  which  has  been  placed  in  contact  with  an  electri- 
fied body.  This  is  the  case  with  the  most  perfect  insulators ;  in  bodies 
possessing  a  less  degree  of  insulation,  electricity  extends  to  a  little  dis- 
tance round  the  parts  of  which  we  speak.  The  reason  of  this  fact  is 
evidently  the  same  as  that  which  makes  these  bodies  bad  conductors 
of  electricity.  On  the  other  hand,  in  good  conductors,  electricity,  in 
whatever  mode  it  may  be  produced,  spreads  itself  almost  instantane- 
ously over  the  whole  surface.  Experiments  which  we  are  about  to  de- 
scribe prove  that  it  does  not  penetrate  into  the  mass  of  the  body,  or, 
at  least,  that  the  thickness  of  the  electrified  stratum  is  very  small. 
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A  metallic  aphere  ineulated  oii  a  glass  foot  is  covered  with  two 
thin  hemispherical  envelopes,  which  are  held  in  contact  with  it  by 
two  insulating  handles  ;  the  whole  system  is  then  electrified,  and  both 
hemispheres  are  suddenly  withdrawn.  On  separately  presenting  to 
the  ball  of  an  eloctrical  pendulum,  first  the  sphere  itself,  then  each  of 
the  coverings,  we  shall  observe  that  these  latter  are  alone  electrified. 
The  electricity  was  not  therefore  spread  out  to  a  greater  thickness 
than  that  of  the  envelopes.  A  hollow  metallic  sphere,  pierced  with  a 
b»le  at  the  top  and  placed  on  an  insulatuig  staud  (Fig.  353),  is  charged 


with  electricity ;  and  in  order  to  ascertain  the  manner  in  which  the 
electricity  is  distributed,  a  small  gilt  paper  disc  is  used,  fumislied  with 
an  insulating  handle — this  is  called  a  Carrier  or  proof  plane — and  it  is 
applied  to  any  point  of  the  outer  surface  of  the  electrified  sphere ;  it 
is  then  found  that  it  attracts  the  pith  ball  of  the  electrical  pendulum. 
The  proof  plane  is  now  touched  with  tlie  hand ;  the  electricity  with 
which  it  was  charged  passes  away,  and  it  returns  to  its  normal  con- 
dition :  if  it  is  now  applied  to  the  interior  of  the  sphere,  care  beiog 
taken  that  it  does  not  touch  the  sides  of  the  hole,  no  sign  of  elec- 
tricity will  be  shown  on  withdrawing  it  and  presenting  it  to  the  pith 


540 


PHYSICAL  PflBNOMENA. 


[book  V 


ball.  The  i-esuU  will  be  the  same  if  the  interior  of  the  sphere  is  fiist 
touched.  Famday  made  the  same  experiment  by  giving  to  tlie  body 
the  form  of  n  cylinder  of  metallic  network,  which  he  placed  on  an 
insulated  disc  of  brass  ;  the  disc  was  then  electrified,  and  he  proved, 
by  the  help  of  the  proof  plane,  that  the  electricity  was  located  alone 
on  the  outer  surface  of  the  vessel. 

The  same  illustrious  physicist  also  made  the  experiment  with  a 
conical  b^  of  muslin,  attached  to  an  insulated  metal  ring :  the  latter 
is  electrified;  and  a  double  silk  thread,  fixed  to  the  top  of  the  cone. 
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enables  the  bag  to  be  pulled  inside  out,  and  it  is  always  found  that  the 
electricity  is  on  the  outer  surface,  so  that  it  passes  alternately  from 
one  surface  of  the  bag  to  the  other  (Fig.  354). 

Thus  it  is  entirely  on  the  outer  surface  of  conductors  that  elec- 
tricity is  distributed  i  at  least,  if  it  penetrates  into  the  interior,  the 
thickness  of  the  electrified  stratum  is  extremely  small.  Let  us  take 
two  spheres,  one  plain  and  of  raet-al,  the  other  of  shellac,  gilt  on  the 
outside,  both  being  of  the  same  diameter;  and  then  electrify  the 
first,  and   measure  the  electric  tension  by  means  of  nn  instninieiit 
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called  an  electrometer.  If  the  spheres  are  now  placed  in  contact, 
tlie  electric  tension  on  each  of  them  is  found  to  be  half  what  it 
was  at  first  on  the  single  metallic  sphere.  As  the  thickness  of  the 
electric  stratum  on  the  shellac  sphere  is  equal  to  that  of  the  gold 
leaf,  we  must  conclude  that  its  thickness  is  not  greater  on  the 
solid  sphere. 

We  have  just  spoken  of  electric  tension.  It  is  tlie  intensity  of 
the  force  with  which  a  given  portion  of  the  surface  of  an  electrified 
body  attracts  or  repels  an  electrified  body  exterior  to  it  Coulomb, 
imder  the  name  of  the  electric  balance,  devised  an  instrument  which 
is  used  to  measure  this  tension,  and  by  means  of  it  he  determined  the 
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Fio.  354. — Faraday's  experiment  to  prove  that  electricity  i>  located  ou  thct 

outer  Hurface  of  clectritted  bodies. 


laws  according  to  which  electric  attractions  and  repulsions  take  place 
under  varied  conditions.  As  the  principle  of  this  instrument  and 
the  mode  of  observation  is  the  same  as  in  the  case  of  the  magnetic 
balance,  described  in  the  preceding  Book,  we  shall  content  ourselves 
with  simply  stating  the  following  laws. 

The  reptUsian  or  attraction  of  tivo  equal  splieres  charged  vrith  electri- 
cities of  tlie  same  or  contrary  kinds,  varies  in  the  inverse  ratio  of  the 
square  of  their  distances.  Attractive  or  repulsive  forces  vary  as  the 
products  of  tlu  quantities  of  electricity  xohich  tlie  two  spheres  contain. 

This,  it  will  be  remembered,  is  the  law  which  governs  universal 
gravitation. 

The  tension  of  electricity  spread  over  the  surface  of  a  conducting 
body  is  only  equal  at  each  point  of  the  surface,  when  the  body  has  the 
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fomi  of  a  sphere.     This  is  expressed  by  saying  tliat  the  thickness  of 
the  electric  stratum  is  uniform  (Fig.  355). 

lu  an  elongated  ellipsoid,  this  stratum  poeseases  its  maximum 
thickness  at  the  extremities  of  the  major  axis ;  in  a  flattened  ellipsoid, 
the  maximum  is  round  the  equator.  In  a  flat  disc,  the  electric  tension, 
which  is  nearly  mU  at  the  centre,  increases  towards  the  edges,  where 


it  attains  its  ^atcst  intensity.  In  a  conductor  formed  like  a  cylinder 
terminated  by  two  hemispheres,  the  tension  is  greatest  at  the  surface 
of  these  latter ;  and  it  is  nearly  nil  everywhere  else.  The  dotted  lines 
surrounding  the  solids  represented  in  Figs.  355  and  356,  indicate,  by 
their  distances  from  the  adjacent  points  of  the  surfaces,  the  tension 
of  the  electricity  at  each  of  these  points. 

We  see,  therefore,  what  a  great 
("^amHmmmmmmmnz^am^'")  influence  form  baa  on  the  distri- 
bution of  electricity  on  surfaces; 
hut  nowhere  is  this  influence  so 
perceptible  as  on  the  parts  of 
bodies  terminated  by  abrupt  edges, 
,  acute  angles,  and  conical  or  pyra- 
midal points.  At  these  parts 
electricity  accumulates,  and  acquires  sufQcient  intensity-  to  pass  into 
the  surrounding  medium,  even  when  this  medium  is  only  to  a  slight 
extent  a  a)nductor.  Before  experimentally  proving  what  is  called  the 
power  of  points,  we  may  say  a  word  or  two  on  the  influence  of  the 
medium  which  surrounds  an  electrified  body,  on  the  preservation  or 
loss  of  the  electricity  on  its  surface. 

We  already  know  that  if  this  medium  is  a  good  conductor,  such  as 
water  or  moist  air,  the  electricity  will  not  remain  on  the  body  which 
has  been  electrified,  but  will  pass  away :  this  is  an  obstacle  which 
must  be  removed,  however  slight  it  may  be,  if  we  wish  to  acquire  a 
quantity  of  electricity.     But  if  the  medium  is  dry  air,  let  us  inquire 
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what  will  be  the  influence  of  atmospheric  pressure  on  the  loss  of  elec- 
tricity from  the  surface  of  a  body,  and  what  the  influence  of  tempera- 
ture ?  These  questions  are  very  complex,  because  the  causes  which  act 
at  one  time  on  the  loss  of  which  we  speak,  besides  being  numerous, 
are  very  difficult  to  study  separately.  The  insulating  supports  are  more 
or  less  conductors;  and  the  same  remark  applies  to  electrified  bodies. 
Coulomb  and  Matteucci  studied  this  interesting  and  difficult  question, 
and  did  not  always  arrive  at  similar  results.  Nevertheless,  their 
researches  have  shown  that  the  loss  of  electricity  in  dry  air  increases 
with  the  temperature ;  that  with  a  constant  temperature  it  increases 
rapidly  when  the  pressure  of  air  diminishes,  or  rather  as  the  air  sur- 
rounding the  electrified  body  is  rarefied.  Nevertheless,  this  last  law 
only  holds  good  in  the  case  of  strong  charges  ;  so  that,  if  we  introduce 
an  electrified  body  into  a  vacuum,  it  immediately  loses  the  greater 
part  of  its  tension ;  but  this  action  is  limited,  after  which  the  loss 
goes  on  very  slowly.  The  greater  the  rarefaction,  the  less  is  the 
limit,  but  the  loss  of  electricity  becomes  less  also.  We  shall 
hereafter  describe  some  very  curious  phenomena,  which  show  the 
loss  of  electricity  in  rarefied  media. 

We  will  now  return  to  the  escape  of  electricity  at  points. 

It  has  been  calculated  that  at  the  top  of  a  conical  point  the 
electric  tension  is  infinite,  so  that  it  is  impossible  to  charge  a  con- 
ducting body,  furnished  with  such  a  point,  with  electricity;  this 
is  confirmed  by  experiment.  In  proportion  as  the  electricity  is 
developed,  it  escapes  into  the  surrounding  medium  and  disappears. 
When  the  extremity  of  the  point  is  examined  in  the  dark,  a  luminous 
tuft  is  seen,  the  form  and  colour  of  which  we  shall  hereafter  study. 
If,  while  the  point  is  in  communication  with  the  electric  source,  the 
hand  is  placed  before  or  under  it,  a  wind  is  felt  which  indicates 
a  continuous  movement  of  the  particles  of  air;  this  movement  is 
rendered  very  perceptible  by  placing  at  the  end  of  the  point  the 
flame  of  a  candle  (Fig.  357.)  The  electric  vrind  is  intense  enough 
to  cause  the  flame  to  bend,  or  even  to  extinguish  it.  This  agitation 
of  the  air,  at  the  extremity  of  the  points  of  electrified  conductors, 
was  at  first  attributed  to  the  escape  of  the  electricity,  which 
was  compared  to  a  fluid ;  but  the  following  explanation  appears  to 
us  preferable,  because  it  requires  no  hypothesis  as  to  the  nature  of 
electricity,  and  is,  moreover,  found  to  agree  with  knouTi  phenomena. 
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The  molecules  of  air,  which  aie  in  contact  with  tlie  point  electrifiiHl 
to  a  considerable  d^ree  of  tension,  are  charged  with  electiicity  of 
the  aame  name  aa  that  of  the  conductor;  tlien  comnience»  repulsion, 
and  the  niuleculea,  on  getting  fiirtlicr  awiiy,  give  place  to  others,  whiuli 


are  electrified  in  their  turn,  and  so  on.  Hence  the  cuirent  of  air 
which  observation  indicates,  and  which  is  only  continnotiH  so  long 
as  the  electric  charge  is  renewed. 

The  force  with  which  the  air  is  driven 
from  a  point,  engenders  a  reaction,  which 
must  repel  the  point  in  a  contrary  direc- 
tion ;  and  if  this  point  does  not  move,  it 
is  because  it  is  not  free  to  do  so.  The 
existence  of  this  reaction  is  proved  by  using 
a  little  instrument  called  the  electric  Jig 
(Fig.  358),  A  system  of  divergent  wires 
is  united  by  a  centre  piece,  which  allows 
the  movement  of  the  system  in  a  horizontal 
plane ;  each  wire  is  curved  iu  and  phnq>ly 
pointed  in  the  same  direction.  As  soon  us 
the  conductor  on  which  the  fly  is  placed  is  charged,  the  hitter  takes  up 
a  rotatory  nmvL'mcnt  in  the  direction  ojiposilc  tu  iLal  of  the  points. 
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KLKCTKICAL   MACHINKS. 

Eiectrificution  at  u  (listcincc ;  ilcvelopiiient  of  electricity  hy  iiulaotion.  — Di8trn)iitioii 
of  electricity  on  a  body  electrifieil  by  induction. — Hyi>>the.sis  as  to  the  nonnal 
condition  of  bodies;  neutral  electricity  proceedinj^  from  the  combination  of 
positive  and  negative  electricities. — £lectrofico|)eH ;  electric  pendulum ;  dial 
and  gold-leaf  electroscopes. — Electrical  machines  :  Otto  von  (juericke's  machine  ; 
Kamsden,  or  plate-glass  machines ;  machhics  of  Nairne  and  Armstrong. — The 
electrophorus. 

1I7HEN  a  Unly  is  in  it«  normal  condition,  we  have  just  seen 
*^  that  there  are  two  modes  of  i*enderin|^  it  electrical,  viz.  hy 
friction,  or  by  contact  with  a  hody  previously  electrified.  The 
plienomena  which  we  are  alxjut  to  descril)e  prove  tliat,  in  the  latter 
case,  contact  is  not  necessary.     Let  iis  t^ke,  for  instance,  an  eleetrifie<l 


Fio.  Sl>9. — Electricity  developed  by  iutiueueo  or  iuductirn. 
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body  c — a  metallic  sphere  mounted  on  a  glass  column — and  let  us 
place  in  its  vicinity,  a  short  distance  from  it,  an  insulated  cylindrical 
conductor  A  B,  in  its  natural  condition.  These  two  bodies  are  no 
sooner  in  the  presence  of  each  other,  than  the  conductor  A  B  shows 
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signs  of  electricity,  as  may  be  proved  by  bringing  the  pith  ball  of 
an  electric  pendulum  near  its  extremities,  when  it  is  immediately 
attracted  by  the  conductor;  or  still  better  by  observing  the  small 
pendulums  a,  J,  fixed  at  diflTerent  points  of  the  cylinder,  and  formed 
of  pith  balls  suspended  by  conducting  threads.  These  balls  are 
charged  by  contact  with  the  same  electricity  as  the  parts  which  they 
touch ;  hence,  the  repulsion  which  is  shown  by  the  deviation  from 
the  vertical  of  the  pendulum  threads.  This  method  of  evoking 
electricity,  developed  at  a  distance  by  an  electrified  body  on  a  con- 
ductor in  its  natural  state,  is  called  electrization  hy  infltbence  or 
indxiction.  Let  us  determine  the  nature  of  this  electricity,  and 
the  manner  of  its  distribution  on  the  conductor.  If  the  sphere  0  is 
charged  with  positive  electricity,  the  extremity  A  of  the   cylinder. 


•:.^^ 
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Fxo.  S60.— Distribution  of  eleutricity  on  an  insolated  conductor  electrified  by  induction. 

nearest  the  sphere,  is  electrified  negatively;  the  extremity  B  is,  on 
the  contrary,  electrified  positively.  This  can  be  seen,  by  pre- 
senting successively  to  the  two  extremities  a  small  insulated 
pendulum,  the  ball  of  which  is  charged  with  a  certain  electricity; 
for  instance,  positive  electricity.  "When  held  near  A,  it  is  attracted ; 
but  when  near  b,  it  is  repelled.  The  i-everse  would  take  place  if 
the  sphere  c  had  been  charged  with  negative  electricity. 

To  study  the  distribution  of  these  two  opposite  electricities  on 
the  conducting  cylinder,  double  pendulums  with  conducting  wires 
or  threads  are  suspended  at  different  distances,  so  that  the  divergence 
of  the  balls  can  be  observed.  It  will  then  be  seen  that  the  electrical 
tension  is  at  a  maximum  at  each  extremity,  and  that  it  gradually 
diminishes   from   each   of   these    extreme   points   towards   a    mean 
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position  M,  where  it  disappears,  and  for  this  reason  it  is  called  the 
neutral  line.  Bat  this  section  of  the  cylinder  which  has  thus 
remained  in  its  natural  state,  is  closer  to  the  extremity  nearest  to 
the  sphere  than  to  the  other :  it  is  not  absolutely  at  the  centre  of 
the  conductor  electrified  by  induction.  We  may  also  add  that 
the  electric  tension  is  greater  at  a  than  at  B.  Matters  being  thus 
arranged,  let  us  gradually  remove  the  sphere.  The  balls  of  the 
pendulum  will  then  be  seen  to  gradually  approach  each  other,  and 
to  return  to  contact  when  the  distance  of  the  sphere  is  sufficiently 
great.  Then  all  the  influence  ceases;  the  conducting  cylinder 
returns  to  its  natural  state ;  it  also  immediately  regains  this  state 
if,  instead  of  removing  the  sphere,  the  latter  is  discharged  of  its 
electricity  by  placing  it  in  communication  with  the  ground. 

In  the  experiment  just  described,  the  conductor  electrified  by 
induction  was  insulated.  Let  us  suppose  that  after  having  placed  it 
in  the  presence  of  the  inducing  sphere — the  charged  body  which  elec- 
trifies by  influence  is  thus  called — the  furthest  extremity  B  is  made 
to  communicate  with  the  ground:  immediately  all  the  electricity 
with  which  this  part  of  the  cylinder  was  charged  disappears,  and 
this  latter  only  contains  the  electricity  opposite  to  that  of  the  sphere, 
but  at  a  greater  tension,  as  the  more  considerable  divergence  of  the 
pendulums  proves:  the  maximum  of  tension  is  always  at  A,  and 
the  neutral  line  has  disapx>eared.  The  nature  of  the  remaining 
electricity,  its  distribution  on  the  conductor,  and  its  tension  at  the 
diflerent  points  would  still  be  the  same,  if,  instead  of  touching  it 
at  B,  every  other  part  of  the  cylinder  is  made  to  communicate  with 
the  ground,  even  the  extremity  a.  Indeed,  if  after  lia\ing  estab- 
lished this  communication  it  is  removed,  all  remains  in  the  same 
condition;  that  is  to  say,  the  conductor  is  always  chaiged  with 
electricity  opposed  to  that  of  the  inducing  sphere,  unequally  dis- 
tributed. On  removing  this  sphere,  the  electricity  remains  on  the 
conductor;  but  it  is  distributed  equally  over  every  part  of  ita 
surface,  and  we  now  have  a  body  electrified  by  induction  and  charged 
with  electricity,  as  if  it  had  been  directly  charged  by  friction,  or 
contact. 

When  we  place  in  the  presence  of  a  source  of  electricity,  such 
as  the  sphere,  not  only  one  conductor,  but  a  series  placed  in  a  row 
AB,  a'b',  &c.  (Fig.  361),  they  are  all  simultaneously  electrified  by 
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ioduction ;  but  the  electric  tension  on  each  of  the  t 
diminbhes  with  the  distance,  although  it  ia  strc 
example,  than  it  would  be  if  the  couductor  A  B 
and  the  iaduction  was  only  exercised  by  the  sj 
last  observation  provee  that  each  couductor  acts 
contributes  to  electrify  that  which  follows  it  in  t 
The  preceding  facts  are  of  great  importana 
suggested  an  hypothesis  which,  without  tbeorizinf 
of  the  first  cause  of  electcicity,  gives  a  complete 
phenomena  of  attraction  and  repulsion,  and  electric 
This  hypothesis  may  be  stated  as  follows : — A  b 
condition  possesses  simultaneously  two  kinds  of  el 
and  negative — in  such  proiwrtion  that  tliey  neul 


If  it  is  rnbbed  with  a  second  body,  a  separatio 
tricities  is  produced  :  one  kind  passes  to  one  of 
and  the  other  to  the  other,  where  they  each  find  tl 
when  the  bodies  are  removed,  and  they  then  mani 
by  the  phenomena  which  we  have  described. 

It  is  by  this  means  that  electrization  by  indui 
that  ia  to  say,  the  phenomena  presented  by  the  c 
placed  in  the  vicinity  of  the  electrified  sphe 
electricity  of  this  sphere  attracts  the  negati' 
repels  the  positive  electricity  of  the  conductor 
tracted  towaida  the  extremity  a  {Fig.  359),  the 
towards  the  extremity  b.  But  the  attraction  is 
the  repulsion  at  B,  because  the  distance  from  th 
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the  first  r^on  than  at  the  second:  this  is  the  reason  why  the 
neutral  line  d  is  nearer  to  A^than  B.  When  the  conductor  is  placed 
in  communication  with  the  ground,  it  is  the  same  as  if  it  had 
been  indefinitely  lengthened,  which  explains  the  increase  of  tension 
of  the  negative  electricity  at  A  ;  the  neutral  line  indefinitely  removed 
further  back  is  no  longer  on  the  cylinder,  so  that  if  the  communica- 
tion is  suddenly  broken,  negative  electricity  alone  will  be  found 
on  it.  This  latter  is  also  found  to  be  unequally  distributed  on 
the  surface,  on  account  of  the  inequality  of  action  of  the  sphere 
on  portions  which  are  situated  at  increasing  distances.  The  same 
h}rpothesis  will  account  for  the  first  phenomena  that  we  studied; 
that  is  to  say,  attraction  and  repulsion  of  light  bodies  by  an 
electrified  body. 

If  the  pith  ball  of  an  electrified  pendulum  is  brought  near  a 
glass  rod  c,  charged  with  positive  electricity,  the  neutral  electricity 
of  the  ball  is  decomposed  by  induction ;  the  positive  is  repelled  to  ft, 
if  the  thread  is  an  insulating  one,  or  sent  back  to  the  ground  if  it  is 
a  conducting  one ;  the  negative  is  attracted  to  a.  In  both  instances, 
the  tendency  of  the  positive  electricity  of  the 
l>all  and  the  negative  electricity  of  the  rod  to 
reunite,  causes  the  pendulum  to  deviate  from 
the  vertical :  and  attraction  ensues.     If  there 

is  contact,  the  electricities  combine,  and  ^^  3«2.-ca„se  of  att«ction 
the    ball    remains     charged    with    negative  of  ught  bodies, 

electricity,  always  provided  that  it  is  insulated;  hence,  repulsion 
between  the  two  electricities  of  the  same  nature,  which  the  two 
bodies  contain  at  this  moment  in  the  presence  of  each  other.  When 
the  ball  is  not  insulated,  the  positive  electricity  passes  to  the  ground, 
and  contact  determines  the  combination  of  the  two  contraiy  elec- 
tricities ;  the  ball  then  returns  to  its  natural  condition,  and  there 
IS  no  repulsion.  Tliese  facts,  as  we  have  seen  in  the  preceding 
chapter,  are  proved  by  observation. 

The  electrization  of  an  insulated  conducting  body  by  contact 
of  a  body  already  electrified  is  also  easily  explained :  before  con- 
tact the  neutral  electricity  of  the  conductor  is  decomposed  by 
induction  ;  there  is  attraction  of  the  positive  electricity — let  us 
say,  of  the  body  previously  electrified — for  the  negative  electricity 
of  the  conductor,  and  repulsion  of  the  positive  electricity.     Contact 


yA)  PII YSICAL  PHENOMENA.  [book  n. 

itutermiues  the  combination,  in  a  certain  proportion,  of  the  elec- 
tricitii»s  which  attract  each  other,  and  there  remains  on  the  conductor 
nil  oxci'Hs  of  positive  electricity ;  hence  there  is  a  charge  of  electricity 
of  the  same  nature  as  that  of  the  electrical  source,  which  at  first 
cutisiul  it  to  be  believed  that  electrization  was  caused  by  a  flow  of 
electricity  somewhat  similar  to  that  of  a  fluid:  and  the  hypothesis 
appeared  the  more  true  as  contact  diminished  the  electric  charge 
of  the  source.  In  reality  there  is  no  division  of  electricity  between 
the  two  bodies ;  but  rather  an  action  of  decomposition  by  induction, 
then  a  partial  combination.  This  combination  often  takes  place 
through  the  air  a  little  before  contact,  and  it  is,  as  we  have  seen, 
accompanied  by  a  slight  explosion  and  a  spark. 

Lastly,  the  action  of  points  also  finds  a  more  complete  explanation 
on  the  preceding  hypothesis  than  on  that  which  we  vaguely  indicated 
above.  When  a  conductor  terminated  by  a  point  is  presented  to  an 
electrified  body,  the  neutral  electricity  of  this  conductor  is  decom- 
])0scd  by  induction ;  and  as  the  electricity  opposed  to  that  of  the 
electrified  body  possesses  at  the  extremity  of  the  point  an  infinite 
tension,  it  effects  a  rapid  combination  with  the  two  electricities  of 
contrary  names,  and  the  electrified  body  is  found  to  be  discharged. 

These  rather  dry  preliminaries  are  indispensable  to  the  compre- 
hension of  the  phenomena  which  we  have  to  describe ;  indeed, 
without  them,  it  would  be  impossible  to  understand  the  function  of 
electrical  machines,  as  well  as  the  numerous  experiments  which  they 
enable  us  to  make. 

Before  commencing  a  description  of  these  we  may  say  a  few 
words  on  the  apparatus  termed  electroscopes,  because  they  are  em- 
ployed to  prove  the  presence  of  free  electricity  developed  on  a 
body,  and  to  measure  its  tension. 

Tlie  electric  pendulum,  w^hich  we  have  already  described,  is 
an  electroscope,  and  we  have  pointed  out  many  of  its  uses. 

The  dial  electroscope  or  quadrant  electrometer  is  represented  in 
Fig.  363.  It  is  formed  of  a  conducting  support,  surmounted  by  an 
ivory  scale ;  at  the  centre  of  the  scale  is  suspended  the  rod  of  a 
pendulum  with  a  pith  ball;  the  rod  is  very  thin  and  is  also  of  ivory. 
When  this  apparatus  is  placed  on  a  body  chai-ged  with  electricity, 
tlie  latter  pervades  all  parts  of  the  electroscope.     The  pith  ball,  at 
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Fio.  803.— Quadrant  electrotcope. 


first  in  contact  with  the  support,  is  repelled,  and  its  deviation  from 
the  vertical  is  indicated  by  the  divisions  of  the  scale,  the  angle  being 
greater  as  tlie  electrical  charge  of  the  body  is  greater. 

The  gold-leaf  electroscope  (Fig.  364)  is  composed  of  a  glass  bell- jar 
placed  on  a  metal  plate,  to  the  interior  of  which  passes  a  brass  rod 
surmounted  on  the  outside  with  a  ball. 
This  metallic  rod  supports  two  gold 
leaves  which  remain  vertically  in  con- 
tiict,  when  the  electric  charge  of  the 
apparatus  is  nil,  and  which  diverge 
under  contrary  conditions.  The  fol- 
lowing is  the  mode  of  using  gold-leaf 
electroscopes  when  we  desire  to  know 
whether  a  body  is  electrified  or  the 
reverse.  The  body  in  question  is  slowly  brought  near  to  the  outer 
ball ;  if  it  is  not  charged  with  electricity,  the  leaves  remain  in 
contact :  if  on  the  contrary  it  is  electrified,  positively,  for  instance, 
the  neutral  electricity  of  the  system  formed  by  the  ball,  the  metallic 
rod,  and  the  gold  leaves,  will  be  decomposed  by  induction,  the 
negative  electricity  attracted  into  the  bali,  and  the  positive  electricity 
repelled  into  the  gold  leaves;  these  will  then  diverge,  forming  an 
angle  between  them  varying  with  the 
electrical  charge  of  the  body.  If  we 
now  touch  the  ball  with  the  finger,  the 
electricity  of  the  same  nature  as  that 
of  the  inducing  body  will  escape  to 
the  ground;  a  fact  which  w^e  have 
before  proved  in  describing  the  phe- 
nomena of  electrization  by  induction. 
The  gold  leaves  will  then  approach 
each  other,  and  the  system  will  be 
charged  with  negative  electricity,  prin- 
cipally accumulated  in  the  ball.  If 
the  finger  and  the  inducing  body  are 
simultaneously  taken  away,  this  same  ^'''-  s^— ""I'l-i*'-^ eitHtroHioK. 
negative  electricity  will  be  extended  tluough  the  system  and  will 
cause  the  gold  leaves  to  diverge  again. 

The  electroscope  is,  by  this  o])erati()n,  chargod  with  electricity 
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wliicli  is  always  of  a  contrary  nature  to  that  of  tlie  botly  which  has 
been  presented  to  it.  It  is  useful  to  Icam  how  to  distinguish  the 
nature  of  this  electricity  when  it  is  unknown.  This  is  eflfected  by  the 
followinir  means:  a  body  charged  with  a  known  electricity  is  phioed 
near  the  ball  of  the  instrument,  for  instance  a  stick  of  resin  electrified 
nejxjitively ;  in  the  case  we  have  supposed,  that  is  to  say,  when  the 
h»av(\«j  are  ('hai"*^e»l  nej^nitively,  the  influence  of  the  negative  electricity 
of  the  stick  will  manifest  itself  by  an  increased  diveigence  of  the 
gold  leaves,  the  negative  electricity  of  the  rod  lieiug  repelled  into  these, 
and  the  tension  will  thus  be  augmented. 

If,  instead  of  a  stick  of  resin,  a  glass  rod  positively  electrified  is 
used,  the  contrar}'  electricities  of  the  gold  leaf  and  the  glass  M'ould  be 
attnicted ;  the  divergence,  instead  of  increasing,  would  be  diminished 
until  contact  ensues.  But  in  this  case  there  might  be  a  cause  of  error, 
l)ec-ause  after  the  gold  leaves  have  come  in  contact,  the  influence  of 
the  glass  rod  may  determine  a  fresh  decom])osition,  and  hence  a  divert 
gence.  It  is  l»etter,  therefore,  when  there  is  not  divergence  at  first,  to 
make  a  second  trial  with  a  Inxly  charged  with  the  contrary  electricity. 

Such  ai*e  the  pi*oofs  by  the  aid  of  which  the  nature  of  the  elec- 
tricity of  a  iKjdy  can  l>e  determined  when  this  body  has  been  employed 
to  charge  the  electrosco^ie.  It  is  evident  .that  we  might  pnrsae  a 
dilTcrent  course  by  charging  the  electroscope  with  a  known  electricity, 
and  then  using  it  to  discover  the  kind  of  electricity  which  a  body 
]  )Osscsses. 

ELKCTRICAL  MACIIINKS. 

We  already  know  that,  by  the  aid  of  a  body  electrified  by  friction, 
it  is  possible  to  electrify  another  by  induction.  It  is  now  time  to  de- 
scribe the  principal  machines  which  have  l)ecn  invented  for  collecting 
l)ositive  or  negative  electricity ;  the  construction  of  which  is  based, 
as  wo  shall  see,  on  tliese  two  modes  of  electrization. 

The  invention  of  the  first  electrical  machine  is  due  to  Otto  von 
Guericke  ;  it  consisted  of  a  globe  of  sulphur  or  resin  mounted  on  an 
axis,  to  which  a  rapid  rot^itory  motion  could  be  connnunicated.  Wlien 
the  hands  were  pressed  against  this  glol)e,  the  resulting  friction 
rendeixxl  the  non-conducting  l)ody  electrical ;  and  in  oixier  to  collect 
the  electricity  thus  develoi)ed,  a  metallic  cylinder  was  su.s|)ended 
horizontallv  above  the  trlobe  bv  silken  cords.     One  of  the  extremities 
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of  this  cylinder  was  on  a  level  with  the  globe  of  sulphur,  or  some- 
times a  metal  chain  descended  from  the  conductor  to  a  short  distance 
from  the  surface  of  the  globa  The  electricity  developed  on  the  sur- 
face of  the  sulphur  decomposed  by  induction  the  neutral  electricity 
of  the  insulated  conductor,  which  was  thus  charged  at  its  extremities 
with  opposed  electricities.  Fig.  365  represents  an  electrical  machine 
of  this  kind  as  it  was  constnicted  in  the  eighteenth  century,  by  the 
aid  of  which  the  Abb^  Nollet  perfoi-med  a  number  of  amusing  and 
curious  experiments  in  public. 

The  plate-glass  electrical  machine  is  the  most  generally  used  of  all 
modern  apparatus  of  this  kind.  Fig.  366  will  render  its  constioiction 
intelligible.  A  large  circular  glass  plate  is  mounted  vertically  on  a 
metal  axis,  which  can  be  turned  by  means  of  a  handle ;  as  it  passes 
between  the  two  wooden  stands  which  support  the  axis  of  the  plate, 
the  surface  of  the  glass  rubs  against  two  systems  of  cushions  fixed  to 
the  stiiuds.  The  rotatory  movement  thus  produces  electrization  of  the 
glass  plate,  which  is  charged  with  positive  electricity  on  both  sides. 
The  cushions  are  not  insulated,  in  order  that  the  negative  electricity 
with  which  they  are  charged  may  escape :  if  this  electricity  continued 
to  accumulate  on  the  cushions,  a  time  would  arrive  when  its  influence 
on  the  positive  electricity  of  the  plate  being  equal  to  that  due  to  the 
IViction,  would  necessarily  limit  the  charge;  a  metallic  chain  therefore 
puts  the  stands  and  cushions  in  communication  with  the  ground. 

The  cushions  are  stuffed  with  horsehair,  and  covered  with  leather, 
the  surface  of  which  is  covered  over  with  aurum  musivum,  or  an 
anmlgam  of  zinc ;  experiment  has  proved  that  these  latter  substances 
facilitate  the  production  of  electricity. 

Such  is  the  arrangement  of  that  part  of  the  machine  which 
produces  the  electricity ;  the  conductors  are  charged  in  the  manner 
now  to  be  described.  There  are  two  long  brass  cylinders,  with  sphe- 
rical ends,  insulated  on  glass  legs,  the  cylinder  being  united  by  a 
small  transversal  cylinder.  The  two  extremities  of  these  cylinders  near 
the  glass  have  metallic  prongs,  furnished  with  points,  turned  towards 
the  glass  plate,  but  at  a  sufficient  distance  to  prevent  contact  duidng 
the  rotatory  movement.  When  the  glass  plate  becomes  charged,  the 
positive  electricity  acts  by  induction  on  the  neutral  electricity  of  the 
conductor,  decomposes  it,  and  attracts  the  contrary  electricity, — that 
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ia  to  say,  the  negative,  which  escapes  by  the  points,  by  neutralisi 
equivalent  quantities  of  the  positive  electricity  of  the  glass.  1. 
positive  electricity  of  the  conductor  is,  on  the  contrary,  repelled 
the  two  metallic  cylinders,  where  it  accumulates.  On  one  of  thi 
ia  placed  a  quadrant  electroscope,  furnished  with  a  pendulum,  whj 
shows  the  tension  of  the  collected  electricity.  The  glass  ia  electriG 
in  proportion  as  it  rubs  against  the  cushions,  but  the  electric: 
disappears  from  it  on  passing  before  the  points  of  the  prongs.  Thi 
are  then  only  two  aectora  of  the  circle  which  are  electrified ;  th< 
which  are  seen  in  the  figure  protected  by  screens  of  oiled  silk,  whi 
prevent  loss  through  the  humidity  of  the  air.  In  order  to  cause  t 
machine  to  work  well,  the  air  of  the  room  must  be  dry  and  at 
sufficiently  high  temperature ;  and  before  an  experiment,  the  gh 
supports,  which  insulate  the  conductors,  must  be  carefully  wiped. 


Fia.  MT.— Kairne 


Bamsden,  an  English  inatniment  maker  of  the  eighteenth  centn 
was  the  inventor  of  the  plate  machine,  the  construction  of  which  \ 
been  perfected  since  that  time. 

By  means  of  Naime's  machine  (Fig.  367)  positive  and  n^ati 
electricity  can  be  obtained  at  the  same  time,  but  on  two  separt 
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conductors.  One  of  the  conductors  is  furnished  with  points;  it  is 
electrified  positively  like  those  of  the  plate  machine ;  the  other 
conductor  has  a  cushion,  the  friction  of  which  against  a  glass 
cylinder  determines  the  separation  of  the  two  electricities  which 
form  the  neutral  electricity  of  the  system  :  a  piece  of  silk  also 
protects  the  surface  of  the  glass  from  loss  of  developed  electricity. 
Hence  it  follows  that,  whilst  positive  electricity  accumulates  on  the 
glass,  the  negative  is  repelled  to  the  cushion,  and  thence  to  the 
conductor.  Only  one  of  the  two  electricities  can  be  collected :  for 
this  purpose,  the  conductor  which  contains  the  other  electricity  must 
be  made  to  communicate  with  the  ground,  by  means  of  a  chain. 

Van  Marum  invented  an  electrical  machine  which  could  be  worked 
either  like  that  of  Kamsden,  or  that  of  Nairne ;  either  positive  or 
negative  electricity  could  be  collected  on  its  conductors,  or  both  at 
the  same  time. 

If  very  dry  mercury  is  shaken  in  a  glass  tube — in  a  barometer 
tube,  for  instance — we  see,  in  the  dark,  a  very  faint  light,  which 
proves  the  production  of  a  certain  quantity  of  electricity;  and,  indeed, 
the  glass  tube  then  attracts  light  bodies.  Friction  of  liquids  against 
solids  may  also  be  employed  as  a  method  of  electrization.  But  for- 
merly we  did  not  know  how  to  utilize  this  action;  a  method,  however, 
was  discovered  by  chance  in  1840,  when  a  very  efficient  means  of  ob- 
taining electricity  by  the  friction  of  a  jet  of  vapour  mixed  with  minute 
liquid  spherules,  agaiust  a  solid,  was  devised.  Such  is  the  principle 
of  Armstrong's  hydro-electrical  machine,  represented  in  Fig.  368. 

A  boiler,  insulated  by  glass  supports  and  filled  with  distilled 
water,  is  used  to  produce  high-pressure  steam;  this  escapes  into 
the  air  through  a  series  of  jets,  after  being  partly  condensed  in 
its  passage  through  a  box  of  water  filled  witli  wet  packing,  kept 
constantly  moist. 

The  liquid  drops,  produced  by  the  condensation  of  the  vapour, 
rub  with  force  against  a  layer  of  boxwood,  which  surrounds  them, 
before  penetrating  into  the  jets  by  which  they  escape,  and  also 
against  the  sides  of  the  jets,  formed  of  the  same  wood.  Electricity 
is  thus  developed  in  greater  abundance  as  the  pressure  of  the  steam 
is  higher:  the  boiler  becomes  charged  with  positive  electricity, 
and   the  vapour  with  negative.     To  collect  the  latter,  an  insulated 
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conductor,  funiished  with  a  series  of  points,  in  placed  before  the  ji 
of  vapour. 

Ilydro-electrica]  machines  possess  great  power,  and  it  is  to 
wished  that  they  were  more  used.    Among  machines  of  this  kii 
that  of  the  London  Polytechnic  Institution  is  said  to  be  furnish 


with  forty-six  vapour  jets,  and  to  give  sparks  sixty  centimetres  i 
length ;  that  of  the  Sorbonne,  in  Paris,  has  eighty  jets,  and  ali 
furnishes  continuous  sparks  of  several  decimetres  in  length. 


We  often  employ  in  physical  and  chemical  laboratories  a  moi 
simple  apparatus  than  that  we  have  just  described,  which  is  con 
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peteut  to  produce  electricity  rapidly ;  we  allude  to  the  electrophorvs. 
It  is  composed  of  a  disc  of  resin,  siilpbur,  or  cnoiitchouc,  for  instance, 
melted  into  a  mould  of  wood  or  brass,  and  of  a  metal  plate  witli  rounded 
edges,  fumialied  witli  an  insulating  handle.  The  resin,  sulphur,  or 
caoutchouc  is  electrified  l>y  rubbing  it  obliquely  with  a  cat's  skin; — 
it  is  thus  chained  with  negative  electricity ;  the  metal  plate  is  then 
placed  on  the  electrified  cake,  and  the  neutral  electricity  of  the  metal 
is  decomposed  by  induction,  so  that  the  lower  surface  in  contact,  with 
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the  resin  ia  electrified  positively,  and  the  upper  surface  negatively. 
On  touching  the  upper  surface  with  the  finger,  its  negative  elec- 
tricity escapes  to  the  earth ;  and  if  the  metallic  plate  is  then  raised 
by  the  insulating  handle,  it  remains  charged  with  [lositive  electricity 
in  sufficient  quantity  to  produce  a  spark. 

We  must  remark  that  the  electricity  collected  is  not  produced  by 
the  contact  of  the  resin  with  the  metal, — a  contect  which  only  takes 
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place  in  a  few  jwints  of  the  surface.  The  cake  of  resin  remai 
after  the  experiiuent,  charged  with  negative  electricity,  so  that  t 
experiment  can  be  repeated  successfully  several  timea  and  at  lo 
intervals.  An  electrophorus,  placed  where  the  air  is  very  dry,  pi 
serveg  for  whole  months  the  electricity  developed  on  its  surface 
friction. 

Very  curious  lecture  experiments  can  be  made  with  the  uiachti 
just  described,  which  have  been  constructed  in  various  forms, 
mentioning  some  of  the  mora  interesting,  we  shall  have  occasion 
study,  in  the  most  complete  manner,  the  various  effects  of  t 
mysterious  agent  whose  existence,  two  centuries  ^o,  was  scarce 
recognized ;  and  we  shall,  moreover,  be  able  to  familiarize  onrselv 
with  explanations  of  the  general  phen 
mena  which  have  formed  the  subject 
the  preceding  chapters. 

A  metallic  rod  is  suspended  to  one 
the  conductors  of  an  electrical  machii 
and  three  bells  are  suspended  from  tl 
rod,  the  two  end  ones  by  brass  chains,  tli 
in  the  middle  by  a  silk  thread ;  this  coi 
municates  with  the  ground  by  a  met 
chain.  LasUy,  between  the  bells,  two  litt 
metallic  balls  (Fig.  370)  are  suspended  1 
Fio.9.0.-   «ti  ui      ..         silk  threads. 

As  soon  as  the  niachiue  is  worked,  the  electricity  of  the  conduct 
passes  to  the  end  bells,  and  the  insulated  balls  are  attracted,  tht 
repelled,  so  soon  as  they  have  established  contact ;  the  middle  be 
which  is  in  its  natural  or  neutral  state,  when  it  is  subjected  to  the  ii 
duction  of  the  two  outside  electrified  bells,  is  chained  with  electricii 
of  a  contrary  nature  to  that  of  the  balls,  and  attracts  them  until  thi 
come  in  contact,  and,  in  its  turn,  repels  them.  Then  follows  a  serii 
of  successive  blows  and  sounds,  which  are  repeated  aa  the  conduct 
of  the  machine  is  charged.  From  this  the  name  of  electrical  bells 
given  to  this  apparatus.  Fig.  371  represents  an  apparatus  invent* 
by  Volta  for  the  puqiose  of  explaining  the  movement  of  hailstom 
during  storms ;  a  glass  bell-jar  communicates  with  the  ground  by  tl 
plate  on  which  it  rests;  a  metallic  rod,  in  contact  by  its  outer  extremil 
with  the  conductor  of  an  electiical  machine,  passes  into  the  bell-jar,  ar 


CHAP.  II.] 


ELECTUIOAL  MACHINES. 


the  other  extremity  is  furnished  with  a  metal  plate.  On  the  bottom 
of  the  bell-jar  a  number  of  pith  balls  are  placed.  As  soon  as  the 
machine  is  charged,  the  electricity  passes  to  the  plate,  attracts  the 
balls  vhich  are  electrified  by  induction,  and  come  into  contact  with 
the  plate ;  they  are  then  repelled,  and  fall  to  the  bottom  of  the  jar, 
where  they  discharge  their  electricity  and  return  to  their  neutral  state. 
These  backward  and  forward  movements  continue  so  long  as  the 
conductor  is  charged  with  electricity;  the  phenomenon  is  known  under 
the  name  of  electrical  hail.  Sometimes  the  pilh  halls  are  replaced 
by  litUe  figures  made  of  the  same 
material,  and  this  is  called  the 
puppet  dance. 

These  three  experiments  prove, 
as  we  see,  in  an  amusing  form,  the 
phenomena  of  electrical  attraction 
and  repulsion.  We  will  now  study 
the  effects  of  electrical  discharge 
between  conducting  bodies. 

We  have  seen  that  if  when  an 
insulating  body,  a  glass  rod  foj* 
instance,  is  electrified,  ire  bring 
the  finger  near  its  surface,  a  spark, 
accompanied  by  a  crackling  sound, 
passes,  while  the  glass  remains 
electrified  at  its  untouched  por- 
tions ;  which  is  explained  by  the 
non-conductibility  of  the  body  era- 
ployed.  If,  instead  of  an  insulating 
body,  a  conductor  is  substituted,  such  as  that  of  a  chai^d  electrical 
machine,  the  effect  produced  is  much  more  energetic  and  the  discharge 
more  complete ;  moreover,  the  phenomena  then  observed  depend  on 
the  manner  in  which  the  discharge  is  made, — that  is  to  say,  on  the 
nature  of  the  medium  interposed  between  the  electrified  conductor 
and  the  body  submitted  to  its  influence. 

If  the  finger  or  any  other  part  of  the  body  is  brought  near  the  con- 
ductor of  the  machine,  a  spark  is  produced;  and  the  sensation  is  stronger 
as  the  charge  is  greater.    The  quadrant  electroscope  placed  on  the  con- 
ductor then  falls  to  zero,  showing  that  the  electricity  has  been  discharged; 
00  2 
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hut  when  the  plate  is  turned  in  a  continuous  manner  the  sparks  succc 
each  other  with  rapiditj' ;  the  noise  is  a  Itind  of  crackling,  and  we  f 
a  pricking  sensation  witliont  any  sharp  shock.  If  the  hand  is  not  v( 
near  the  conductor,  the  tension  of  the  two  electricities,  as  much  tl 
of  the  machine  as  that  developed  in  tlie  body  by  induction,  becon 
very  strong;  and  when  it  is  sufficient  to  overcome  the  resistai 
opposed  by  the  distance  to  their  recomposition,  a  long  spark  pass 
and  the  shock  shakes  the  whole  arm.  )f,  before  turning  the  plate 
the  machine,  a  perfion  is  placed  on  an  insulating  std 
that  is,  a  stool  with  glass  supports,  and  he  then  plai 
his  hand  on  the  conductor,  lie  will  be  electrified 
the  same  time  as  the  latter ;  his  body  is  then  virtaa] 
a  part  of  the  conductor.  Another  person,  not  io« 
lated,  will  be  then  able  to  draw  spai^s  from  Iiia  hoc 
and  each  one  will  thus  receive,  at  the  same  time,  t 
shock  which  the  discharge  produces. 

The  luminous  effects  which  the  disenga^ment 
electricity  produces  deserve  a  special  and  detiul 
study.  We  shall  return  to  this  hereafter,  when  i 
have  reviewed  the  various  methods  of  prodnd: 
electricity;  but  we  may  noxv  describe  some  expe 
inents  in  which  the  production  of  tlie  spark  gives  li 
tn  singular  actions  of  liglit. 

On  the  surface  of  a  gla^s  tube  a  number  of  lit) 
l()zenges  of  tinfoil  are  pasted  in  a  spiral  curve, 
siimll  space  being  always  left  between  each  of  thei 
I'iie  cxtreiiiitieM  of  the  spiral  and  of  the  tube  are  t\ 
metallic  rings,  one  connected  with  the  conductor 
llie  electrical  machine,  whilst  the  other  communicat 
with  tlie  ground  by  a  chain  {omitt€d  in  the  figun 
'"'*■  As  soon  as  the  machine  is  charged,  decomposition 

the  neutral  electricity  of  the  first  tinfoil  lozenge  takes  place  I 
induction,  then  of  the  second  by  the  first,  and  so  on  through  tl 
whole  series.  The  small  distance  causes  simultaneous  dischai^( 
ant!  sparks  appear  at  the  same  time  along  the  entire  spiral  ;  tl 
phenomenon  lasts  so  long  as  the  plate  of  the  machinr'  is  tunu 
(Fig.  372).     This  is  the  experiment  of  the  hnniittDts  tube. 

Similar  luminous  effoi'ts  aii'  olitaineil  by  means  of  a  glass  glol 
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on  the  surface  of  which  small  tin  tuzeiigtia  are  pasted  so  as  to  produce 
various  designs.  This  is  the  luminous  globe  (Fig.  'il'i).  If  on  a 
rectan<;ular  slieet  of  ^'lass,  bands  of  tinfoil  are  pasted  so  as  to  form  an 
uuinttrnipted  series  of  parallel  lines  as  in  Fiy.  'HA:,  a  pattern  of  any 
form  may  be  cut  ou  this  ground  with  a  sharp  point.  A  spurk  will 
appear  at  each  solution  of  continuity  when  the  e.\trennties  of  tlie 
series  are  placed,  ttie  one  in  coniiunnication  witli  the  conductor  of 
the  macliine,  and  the  other  witli  tlie  ground  ;  ttie  figure  drawn  on  the 
glass  will  be  seen  in  tlie  fonn  of  lunitnuus  lin','s.     This  is  the  luminous 


itjuui-f.  The  niayic  pane  ouly  ditl*ei-s  from  the  iireceding  \>y  the 
irreguliu'  arrangement  of  the  pieces  of  metal  between  which  the 
electric  spark  appears :  metallic  filings  are  carelessly  thrown  ou  the 
surface  of  the  glass  covered  with  guiu ;  when  the  pane  is  connected 
on  one  side  with  the  machine,  and  the  other  with  the  ground,  sparks 
appear,  and  trace  out  irregular  and  serpentine  lines,  their  positions 
and  figures  changing  every  niouient. 

Ill   the   experinienls  just   described,   the   discharge  takes   place 
between  two  bodies  charged  with  contniry  elei'triuilieij,  sepumted  fioni 
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each  other  by  an  insulating  medium,  such  as  the  air  or  glass.  T 
recompoaition  of  the  two  electricities  is  called  a  disruptive  dischat 
because  it  is  accompanied  by  a  violent  movement  of  the  molecules 
the  insulating  body,  which  is  proved  by  the  following  experiment  :- 
Two  communicating  tubes,  of  unequal  diameter,  the  larger  closi 
and  the  smaller  open  at  the  top,  contain  a  certain  quantity  of  wa 
(Fig.  375).  In  the  laige  tube,  two  metallic  rods,  terminated  by  ba 
are  fixed,  one  to  the  base,  the  other  to  the  upper  part,  and  they  co 
municate  respectively  with  the  ground,  and  with  the  conductor 
the  electrical  machine.  As  soon  as  the  spark  appears,  the  water  pi 
quickly  in  the  open  tube,  then  immediately  regains  its  leveL  T 
shock  is  produced  by  the  violent  disturbance  of  the  moleculea  of  1 
air,  and  not  by  an  expansion  due  to  an  elevation  of  temperatun 
the  whole  gaseous  mass,  as  was  at  first  believed  by  Kinntsrsley, 
inventor  of  the  apparatus.  Xevertheless,  it  is  still  called  Kinnerslf 
thernioniftpr. 


The  sudden  expansion  of  which  we  have  just  spoken  led  to : 
invention  of  the  electric  mortar  (Fig.  376),  the  action  of  which 
easily  understood ;  when  the  spark  passes,  the  ball  is  projected 
some  distnuce. 

For  the  present,  we  will  confine  ourselves  to  these  few  e.\p 
ments.  Those  of  our  readers  who  posse'ss  apparatus  ii:ay  ea; 
repeat  them. 
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CHAPTER   III. 

LEYDEN  JAR. — ^ELECTRICAL  CONDENSERS. 

The  experiments  of  Ciineus  and  Muschenbroeck  ;  discovery  of  the  Leyden  jar. — 
Theory  of  electrical  condensation ;  the  condenser  of  -/Epinus. — Jar  with  moveable 
coatings. — Instantaneous  and  successive  discharges. — Leichtenberg's  figures. — 
Electric  batteries.— The  universal  discharger. — Apparatus  for  piercing  a  car 
and  glass.— Transport  and  volatilization  of  metabj ;  portrait  of  Franklin.— 
Chemical  effects  of  the  discharge  ;  Volta's  pistol. — Fulminating  pane. 

/^UNEUS,  a  pupil  of  Muschenbroeck,  a  celebrated  physicist  of  the 
^  last  century,  endeavoured  one  day  to  electrify  water  contained  in 
a  wide-necked  bottle.  To  effect  this,  he  held  the  bottle  in  one  hand 
after  having  passed  a  metal  rod  suspended  on  the  conductor  of  an 
electrical  machine  into  the  liquid.  When  he  imagined  that  the  water 
was  sufficiently  charged  with  electricity,  he  lifted  up  the  iron  wire  in 
contact  with  the  conductor  with  one  hand,  without  removing  the 
other  from  the  bottle,  and  he  immediately  felt  a  violent  shock  which 
filled  him  with  surprise.  Muschenbroeck  repeated  the  experiment  of 
Cuneus,  but  the  shock  which  he  received  caused  him  such  fear  that 
on  communicating  this  fact  (which  was  unknown  among  electrical 
phenomena  at  that  time)  to  B^aumur,  he  told  him  that  no  inducement, 
not  even  the  ofiFer  of  the  crown  of  France,  would  induce  him  to  receive 
another  shock.  Other  physicists,  however,  were  less  timid.  AUaman, 
Lemonnier,  Winckler,  and  the  Abb^  Nollet,  varied  the  experiment  in 
many  ways,  and  science  was  enriched  with  a  new  electrical  instru- 
ment ;  the  Leyden  jar,  thus  named  from  the  place  where  the  expe- 
riment was  first  made,  in  1746.  The  following  is  the  way  in  which 
this  apparatus  is  now  constructed : — 

A  bottle  made  of  thin  glass  has  its  bottom  and  three-quarters  of 
its  height  covered  with  a  metallic  coating,  generally  of  tinfoil ;  this  is 
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called  the  outer  coating  or  armature  of  the  jar.    The  interior  coal 

or  armature  ia  somtitimes  a  metal  lining  the  inside  of  the  Jar.  So 
times  the  bottle  is  filled  with  a  quantity  ol  gold  leaves  or  tinsel 
Muschenbroeck'a  jar,  water  was  the  conducting  body.  Lastly,  a  bi 
i-ud,  with  a  hook  at  one  end,  terminated  above  by  a  little  ball 
passed  through  the  cork  which  closes  the  neck,  and  communici 
with  the  iuuer  coating  of  the  bottle. 

To  clitti'ge   the   I.eyden  jar  it  is  suspended   by  its  rod   to 
coiuluctiir  uf  an  electrical  machine,  cure  being  taken  to  establish. 


means  of  a  metal  chain,  communication  between  the  ground  and 
outer  coating.  It  can  also  be  held  in  the  hand  by  the  latter,  i 
then  presented  to  the  conductor  of  the  machiue. 

When  the  bottle  is  charged  with  electricity,  if  the  outer  aud  in 
coatings  are  connected  by  a  conducting  body,  a  dischai^'e  takes  pli 
accompanied  by  a  spark  and  explosion.  If  the  apparatus  ia  held 
one  hand  and  the  other  is  placed  near  the  ball,  the  discharge  will  j 
through  the  arms  and  body,  and  we  receive  the  shock  wliich  frigbtei 
the  first  operators  so  much.  If  sf^veral  persons  liold  each  other 
the  hand,  two  and  two,  the  first  of  the  series  holding  the  bottle  : 
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])rGsenting  the  rod  tu  the  last  oue,  as  soon  as  contact  is  made,  tlie  shock 
will  be  felt  at  the  same  time  hy  all.  Nollet  showed  this  experiment 
before  Louis  XV. ;  three  hundred  French  guards  formed  the  chuiu 
and  simultaneously  received  the  shock  produced  by  the  instautaneous 
discharge  of  the  Leyden  jar. 

Before  describing  the  many  curious  experiments  wliich  may  be 
made  with  this  apparatus,  we  will  endeavour  to  jiive  the  theon^tical  ex- 
planation of  the  double  phenomena  of  the  chjir^e  anil  discliai'gu  of  the 
l^j'deu  jar.  We  may  first  observe  that  the 
apparatus  must  be  composed  of  two  con- 
ducting bodies,  the  exterior  auil  inteiior 
metallic  coatings,  and  of  nn  insulating 
body,  which  separates  them — the  glass 
iKittie.  When  the  hook  is  suspended  on 
tlie  electrified  conductor  of  a  machine,  the 
electricity  of  the  latter  posses  to  the  surface 
of  the  inner  coating,  which  is  thus  charged 
with,  say,  positive  electricity.  This  elec- 
tricity decomposes  the  neutral  electricity  of 
the  outer  coating  by  induction,  attracts  the 
negative  electricity  to  the  surface  of  the 
glass,  and  repels  the  positive  electricity  to 
the  ground,  through  the  medium  of  the 
body  of  the  operator  or  thi-ough  the  metal- 
lic chain.  Thus  two  charges  of  contrary 
electricities  are  brought  together,  which 
the  inteiiKKitioa  of  the  insulating  glass  \^ 
prevents  from  combining.  If  the  union  ^^^  _  _ 
of   these  two    electricities   is  desired,   we 

unite  them  by  any  conductor  whatsoever,  and  their  combination  is 
accompanied  by  explosion  and  a  spark.  Hitherto  it  has  not  appeared 
necessary  to  adopt  any  other  explanation ;  the  preceding  rationale  also 
accounts  for  the  phenomena  of  electrical  induction,  but  we  shall  see 
that  it  is,  in  reality,  insufticient. 

First,  the  size  of  the  spark  and  the  violence  of  the  shocks  indicate 
ill  this  case  an  electrical  tension  of  an  luiusual  energy ;  the  accumula- 
tion of  the  two  electricities  in  such  quantity  no  longer  seems  in  pm- 
portion  to  the  small  dimensions  of  the  conductors  which  compose  the 
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apparatus.  The  following  is  a  fact  which  alao  requires  explanation 
When  a  Leydea  jar  is  discharged  and  it  is  placed  aside  for  a  whilt 
will  be  found  somewhat  charged  without  having  been  again  placed 
communication  with  the  source  of  electricity.  A  second  spark  i 
appear,  but  weaker  than  the  first.  This  is  called  a  secondary  diacKa 
It  is  evident,  therefore,  that  the  Leyden  jar  accumulates  a  lar 
quantity  of  electricity  than  that  which  can  be  obtained  by  the  list 
simple  insulated  conductors.  For  this  reason  it  is  named  in  comn 
with  all  similar  apparatus,  a  condtnser.  Let  us  now  inquire  wbe 
comes  this  power  of  accumulation,  and  what  new  phenomena  in 


vene  to  produce  it.  The  theory  of  electrical  condensation,  lirst  f 
pounded  by  ^pinus,  will  enable  us  to  understand  this  and  the  ca 
of  the  preceding  phenomena. 

The  condenser  invented  by  this  physicist  is  represented  in  Fig,  3' 
it  consists  of  two  insulated  metallic  plates  a,  b,  mounted  opposite  e 
other  on  glass  supports,  and  separated  by  a  glass  disc.  They  movt 
a  groove,  and  can  thus  be  brought  as  near  together  an  may  be  desii 
or,  at  least,  with  only  the  thickness  of  the  insulating  disc  betW' 
them.  Quadrant  electroscopes  are  fixed  on  the  metallic  roda  wh 
support  the  two  plates. 
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Let  us  suppose  that  the  plates  are  at  first  some  distance  from  each 
other,  and  let  A  be  put  in  communication  with  the  electrical  machine. 
It  becomes  charged  with  positive  electricity,  the  tension  ending  by- 
being  equal  to  that  of  the  source,  and  its  electroscope  diverges. 
Moreover,  this  tension  is  nearly  equally  distributed  over  the  two  sides 
of  the  plate  A  (Fig.  379).  Let  us  now  approximate  the  plates  A  and  B ; 
the  latter  will  be  charged  by  induction  with  negative  electricity  on 
the  side  facing  the  glass  disc,  and  positive  electricity  on  the  other 
side,  and  its  electroscope  will  also  diverge  :  but  if  the  communication 
of  A  with  the  electrical  machine  is  discontinued,  the  attraction  of 
the  negative  electricity  of  B  for  the  positive  electricity  of  A  goes  on 
increasing  on  the  anterior  side  of  the  plate,  and  the  electroscope  of  A 


Fio,  380.— GiarRing  the  condenHHr  of  ^Epinnn. 


will  again  fall  to  zero.  If  B  is  now  put  in  communication  with  the 
ground,  the  positive  fluid  escapes,  a  fresh  decomposition  is  made,  and 
the  negative  electricity  is  accumulated  on  the  anterior  side  of  this 
plat€,  in  greater  quantity  than  before ;  and  by  reaction,  the  tension  on 
the  plate  A  has  become  stronger  on  the  anterior  side  to  the  detriment 
of  the  posterior  face,  which  returns  to  its  normal  condition.  Again, 
when  the  communication  of  A  is  re-established  with  the  electrical 
machine,  a  fresh  quantity  of  positive  electricity  passes  to  A,  and  the 
condensation  will  still  increase  (Fig.  380).  Tlie  same  series  of  opera- 
tions continued  from  time  to  time,  will  produce  a  maximum  conden- 
sation on  one  or  other  of  the  plates.  It  will  be  now  easily  seen  that 
the  condenser  of  iEpinus  and  the  Leyden  jar  only  differ  in  form,  and 
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that  tilt;  plieuomeiia  wliicli  cau  be  observed  in  the  one  take  plaa 
the  same  maimer  iu  the  othi-r.  Let  us  inquire  next  what  part 
glass  disc  plays  in  the  experiiaeut.  Both  theory  and  exi>eriiD« 
prove  that  a  layer  of  any  other  iusuhiting  substance,  for  instauc 
liiyer  of  air  interposed  between  the  conductors,  gives  rise  to  the  si 
plieuomena  ;  but  its  the  air  presents  a  luure  feeble  reaistancH  thaa 
glass  to  the  opposite  tensions  of  the  contrary  electricities  accumuli 
on  ibe  aidea  opposite  the  conductois,  only  a  feeble  condensation  wt 
be  obtained.  Hence  the  necessity  of  intmposing  a  more  reais 
body,  like  glass  or  ittain. 

Moreover,  according   to   the   numerous   experimculs  of   Fava 

and    Matteucci,  it    has   t)een    proved    that 

{  \^  two  charges,  positive  and  negative,  are  not  < 

^  i<ccunmlaU:d   on    tlie    surfaces   in    contact    ' 

^^^ta  the   glass   and   with   the    coatings   of    the 

l|^B  dc users,  but  that  the  electricities  actually  p 

1^^  trate   the  glass   to  a   oei-tain  depth.     Thi^ 

^m^^m  lias   been    proved   by   means   of  a    Leyden 

*  ■UPB  with   moveable   coatings  formed  of  tlii-ee   j 

lu    represented    iu    Fig.    881.      After    cliai 

.  i.^.  tlie  whole  jar,  it  is  placed  on  an  in.sulatui 

^^^  inner  coating  is  raisetl  by  means  of  a  glass  ] 

V^BH  then  the  glass  jar,  and  it  will  be  uoticed 

1  ^^^^»^     there  is  very  little  electricity  ou   the   coa 

^HU^^^Bh    whilst  tlie  jar  itself  is  strongly  electrified. 

over,  aft«r  liavin^  discharged  the  two  coatii 

rw.  Ml.— L>vdcn  )ir  iillb  ■  .  ,     , 

uuvobi«  iToatiuipi.  iiiey  are  again  replaced  the  jar  produces  a 
as  bright  as  if  the  partial  dischai-ges  liad  not  takuii  place, 
peuetrntion  of  the  electricity  to  a  CL-rtain  depth  into  the  insui 
body  of  the  condensers  explains,  in  a  satisfactory  niauiiei 
secondary  discharges  of  the  Leyden  jar ;  it  shows,  moreover,  thi 
metallic  coatings  also  perform  the  part  of  placing  the  different 
of  the  glass  iu  easy  coHiniunicutioii,  and  iu  virtue  of  their  com 
bilily,  the  discharge  is  made  instantuneously,  and  with  ita  whole 

We  will  now  describe  some  curious  experiments  which  ni: 
easily  made  with  this  condeaser. 

The  discharge  of  the  I^ydcn  jar  can  he  made  instnutdrieou: 
gradually,  without  the  danger  of  any  slmck   to   tlie    "iiciMtnr. 
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TliP  imtaritineoiis  discharge  is  iiimle  by  means  of  n  disolmr^tr; 
thia  consists  of  two  metallic  rods,  turning  on  a  common  joint,  and 
fiimislied  with  glass  liandles  (Fig.  382),  The  handles  are  taken 
in  the  hands,  and  the  two  metal  balls  which  are  at  the  ends  of  the 
roils  are  placed,  one  near  the  ball  of  the  inner  coating,  and  the  other 
touching  the  outer  coating  of  the  Leyden  jar ;  the  discharge  is  made 
through  the  branches  of  the  discharger.  Successive  dischai^ps  are 
sometimes  made  with  the  bell  Leyden  jar.  shown  in  Fig.  383. 
The  insulated  pendulum  which  surmounts  a  bell  fixed  on  a  metallic 
»t«nd,  and  commnnicating  with  the  exterior  coating,  is  successively 


attracted  and  then  repelled  by  tlie  electricity  of  the  interior  coating, 
alUirwanls  to  undergo  the  same  actions  from  the  other  bell  At 
eacii  contact,  the  liall  takes  away  a  part  of  its  electricity,  alter- 
nately fiom  the  one  and  from  the  other  of  the  two  coatings.  The  jar 
is  thus  gradually  discharged.  Sometimes  the  ball  of  the  pendidiim 
is  made  in  the  form  of  a  spider,  with  legs  made  of  pieces  of  silk. 

Experiments  with  the  sparkling  jar  (Fig.  384}  prove  that,  in  the 
instantaneous  dischai^,  the  electricity  comes  from  all  parts  of  the 
glass  to  convert  towanis  the  point  where  the  reunion  of  the  accumu- 
lated electricities  on  the  two  coatings  takes  place.     The  exterior  coat- 
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iiig  is  formed,  as  la  the  magic  square,  of  fragments  of  metal  fUing! 
tinsel,  fixed  on  a  layer  of  gum;  and  a  band  of  metal  which  comes  ou 
a  little  distance  from  the  outer  coating  is  fixed  to  the  interior  cont 
When  tlie  jar  is  sufficiently  charged,  lines  of  fire  will  be  seen  to  w 
about  its  surface,  starting  from  the  point  where  the  discliai^  b^ 
(Fig.  384).  We  have  just  seen  Uiat  the  Leyden  jar  is  charged  ■« 
contmry  electricities  ou  the  two  sides  of  the  coatings ;  a  Gen 
l>)iysii:i8t,  I..eichtei)bei;g,  devisi/d  a  veiy  intt-rostiug  experiment 


prove  this.  He  took  a  ciike  of  resin,  similar  to  that  of  the  elec 
phurus,  then  charged  a  lyydeu  jar,  and  traced  on  the  cake  with 
ball  some  figure,  tlie  letter  G  for  example  ;  he  then  replaced  the 
and  taking  hold  of  it  a;,'uin,  this  time  by  the  hook,  he  traced  anol 
design  on  the  cake  with  the  lower  edge  of  the  jar.  Jle  next  \ 
jected  a  cl'tud  on  the  sui-fiice  of  the  cake  by  means  of  liclluws  ti 
with  a  powder  fonned  of  miiitiim  and  sulphur;  tlie  minium 
BL-en  to  place  itself  oii  tlic   parts  touclieil  by  tht;  ball, — that  ia 
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say,  negatively  electrified,  whilst  Ihe  sulphui'  (iltiiclied  itself  to 
tlie  parts  charged  with  positive  electricity.  *  Figs.  385,  386,  and 
387  are  fac-similes  of  Leichtenberg'3  figures,  wliich  M.  Saint  Edme, 
Demonstrator  of  the  Physical  Lectures  at  the  Couser\'utoire  des  Arts 
et  Metiers,  haa  kindly  prepared  for  this  work.  The  two  drawings, 
positive  and  ncgiitive,  obtained  by  the  contact  of  the  resin  with  the 


two  coatings,  are  distinguished  not  only  by  the  colour  of  the  powders 
which  cover  them,  but  also  by  the  fonn  of  the  singular  ramifications 
which  the  contrary  electricities  have  traced  on  the  reain. 

To   obtain  stronger  effects   we   must    increase   the   size   of  the 
Ley  den  jar. 
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Tlie  glass  jar,  with  a  large  aperture,  which  allows  tinfoil  sin 
to  the  outer  coating  to  be  pasted  within  it,  is  called  an  electrical 
Several  jars  placed  together,  as  shown  in  Fig.  388,  form  a  batt 
All  the  interior  coatings  are  then  connected  together  by  meani 
metallic  rods,  proceeding  from  the  ball  of  each  of  them,  and  radial 
towards  the  largest  ball  of  the  centre  jar;  the  latter  ball  is  pu 
communication  with  the  conductor  of  the  electrical  machine,  w 
ihe  battery  is  to  l>e  charged.  Tiie  outer  coatings  are  conne< 
togetlier  by  contact  with  the  tinfoil,  with  wliich  the  inside  of 


box  is  covered,  and  which  communicates  with  the  ground  b; 
metallic  chain. 

The  electric  chargo  whicli  tlicse  powerful  condensers  acoumu 

on  their  coatings  is  very  considci-nble,  and  ^mne  time  is  require" 
furnish  them,  by  ordinary  umchities,  witti  the  electricity  thev 
capable  of  conden.sing.  The  operation  can  be  mnde  more  rapid 
dividing  one  Kittery  into  sever.\l  batteries,  each  enclosing  Iwt 
three  jars,  and  causing  thein  to  ctunmiinii.-ati'.  two  and  two,  liv  i 
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\initing  the  interior  coatings.  The  discharges  of  electrical  batteries 
obviously  become  more  dmif^erous  as  the  jara  increase  in  surface  and 
number.  A  battery  of  sLt  elements  of  mean  size  would  give  very 
strong  shocks,  sii&icient  indeed  to  kill  such  animals  as  mbbits  and 
dogs.  Precautions  must  be  taken  when  they  are  discharged  ;  for  this 
purpose  the  universal  dischnrger  (Fig.  38!))  is  used,  as  well  as  for 
numerous  other  experiments.  This  apparatus  is  formed  of  two  brass 
rods,  each  terminated  at  the  one  end  by  a  ring,  to  which  a  chain  can  be 
attached,  and  at  the  other  by  a  knob.     TJie  rods  are  insulated  on  glass 


suppoi-ts,  and  are  moveable  on  a  joint.  The  knobs  are  directed  towards 
a  stand,  on  which  the  body  through  which  the  discharge  is  to  be 
passed  is  placed.  One  of  the  chains  communicates  with  the  ground, 
and  the  other  with  an  ordinary  discharger,  by  which  the  central 
knob  of  the  electrical  battery  can  be  touched  without  danger. 

AVe  will  conclude  this  chapter  with  the  description  of  some  ex- 
periments which  show  the  different  mechanical  and  physical  effects  of 
electricity  occumulated  in  condensers. 
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Iq  the  experiments  of  the  electric  mortar  and  KiunersleT's 
mometer,  we  have  already  seen  the  mechanical  efifects  whicli 
disruptive  discharge  can  produce.  The  violent  displacement  ol 
molecules  of  the  body  interposed  between  the  two  conductoi 
rendered  still  more  manifest  in  the  apparatus  for  perforating  a 
or  a  sheet  of  glass. 

A  card  ia  placed  between  two  points  with  metallic  condu 
separated  by  a  glass  rod  (Fig.  vl90).  A  charged  Leyden  jar  ia 
held  in  the  hand,  having  its  exterior  coating  in  communication 


r-r^ 


one  of  the  conductors  by  a  metallic  chain ;  the  knob  of  the  i 
coating  is  now  brought  near  the  other  conductor.  The  discharge  1 
place  through  the  card,  which  is  found  to  be  pierced  with  a  holi 

tweeii  the  two  points.  We  do  not  know  why  the  hole  is  neai«i 
negative  point  than  the  positive,  in  the  open  air,  whilst  this  is  noi 
case  when  the  experiment  is  made  ia  vacuo ;  but  such  is  the  cast 
A  piece  of  gliiss  of  1  or  2  millimetres  in  thickness  can  be  pi« 
in  the  same   manner,  by  placing  it  horizontally  bet^'een  the 
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points  (Fig.  391) ;  care  must  be  taken,  however,  to  cover  each  of  the 
metallic  points  with  oil,  to  prevent  the  electricity  from  being  diffused 
over  the  surface  of  the  glass.  After  the  discharge,  a  small  round  hole 
is  found  in  the,  glass ;  and  the  glass  in  its  path  has  been  pulverized 
by  the  passage  of  the  electricity.  In  order  to  make  this  experiment 
succeed  it  is  necessary  to  use  a  [wwerful  battery,  but  even  when  the 
discharge  is  not  strong  enough  to  pierce  the  glass  it  ia  found  to  be 
altered  and  rough  at  the  point  M-here  the  spark  appeared. 


The  calorific  effects  of  the  electrical  discharge  are  not  less 
interesting  than  the  mechanical  effects.  If  the  two  balls  of  the 
universal  dischai^r  are  united  by  a  very  fine  metallic  wire,  of 
silver  for  example,  the  wire  becomes  incandescent,  and  it  is 
melted  and  vaporized  if  the  electrical  charge  is  sufficiently  strong. 
With  the  powerful  batteries  of  tlie  Conservatoire  des  Arts  et 
Metiers,  iron  wires  several  metres  in  length  can  be  melted.  Wires 
IT  2 
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of  the  same  diameter  and  the  same  length  require  very  diffe 
electrical  chains  to  melt  them ;  irou,  lead,  and  platinum  melt  o 
easily  thau  gold,  silver,  and  especially  copper.  Fusion  is  cai 
more  readily  if  the  discharge  takes  place  in  air,  than  if  it  is  m 
in  vacuo.  If  a  gilded  silk  thread  is  placed  hctween  the  balls  of 
universal  discharger,  the  discharge  melts  the  gold  and  leaves  the 
intact ;  and  the  particles  of  the  volatilized  metal  can  be  collectec 
a  white  card,  on  which  the  thread  may  Iw  placed  before  the  exp 
ment.  A  blackish  spot  will  be  seen  on  the  card,  formed  of  very 
volatilized  powder  of  gold.     By  working  with  different  metals,  s] 


of  various  colours  can  be  obtained,  and,  if  the  metals  used 
oxidizable  at  very  hiyh  temperatures,  the  markings  obtained 
formed  of  metallic  oxides,  reduced  to  impalpable  powder.  In 
last  century,  Van  Marum  made  some  very  beautiful  experiments 
the  transport  of  metals  by  the  electrical  discharge.  Fusinieri,  hav 
passed  a  discharge  between  two  balls,  one  of  gold  and  the  othei 
silver,  observed  that  the  fii-at  was  silvered  and  the  second  gilt 
round  the  points  butween  which  the  spark  appeared.  It  is  proha 
that  the  i)lienomena  of  which  we  have  just  spoken  are  compl< 
iiiid  are   due,  at  the    same    time,  to  the    rise   of  the    temperati 
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produced  by  tbe  discharge,  and  to  the  nieclianical  transport  of  the 
molecules. 

This  property  has  been  made  of  use  to  obtain  metallic  prints 
reproducing  various  drawings.  In  lectures,  the  experiment  of  Frank- 
lin'g  po-rtrail  is  sometimes  made.  Fig.  392  shows  a  thick  sheet  of 
paper  in  which  the  portrait  of  the  illustrious  physicist  is  cut; 
layers  of  tin  are  pasted  on  each  side  of  the  sheet,  which  is  also 
covered  above  with  gold  leaf,  and  below  with  a  piece  of  white  sQk, 
After  having  pressed  down  on  the  gold  leaf  the  parts  of  the  paper 
which  are  above  and  below  tbe  portrait,  the  whole  is  placed  in  a 


— Eiperlmwil  of  perib 


press  (Fig.  393),  the  screws  tightened  to  render  the  contact  perfect^ 
and  the  press  ia  itself  placed  on  the  stand  of  the  universal  discharger. 
When  the  balls  of  the  discliai-ger  are  in  contact  with  the  tin  bands 
which  extend  laterally  beyond  the  press,  the  discharge  is  passed 
through  it,  and  the  volatilized  gold  leaf  produces  a  blackish  impres- 
sion on  the  silk,  which  reproduces  all  the  cuttings,  and  the  drawing 
is  thus,  so  to  apeak,  printed  by  electricity. 
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The  fusion  of  metallic  wires  is  a  certain  proof  of  the  Tia< 
temperature  which  accompanies  electrical  discharges,  when  they  t 
place  through  a  conductor.     Disruptive  discharges,  that  is   to 
those  made  through  an  insulator  like  air,  with  the  production  t 
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spark,  also  give  rise  to  caloritic  effects,  although  on  receiving 
spark  with  the  finger  no  heat  is  felt.  Comhustible  materials,  sue! 
gunpowder  and  ether,  are  ignited  hy  sending  a  spark  through  tfa 
This  experiment  was  formerly  made  in  the  following  manner  :- 


person  mounted  on  an  insulating  stool,  with  one  hand  touc 
the  couilnctor  of  an  electrical  machine,  while  with  the  other  he  \ 
sentetl  the  point  of  a  swonl  at  a  short  distance  from  a  saucer  ful 
ether  held  hy  another  person.  The  liquid  ignited  immediately 
the  pass^e  of  the  spark.  Watson  succeeded  in  setting  fire  to  el 
by  means  of  n  spark  iHsuiny  from  a  piece  of  ice. 
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The  electrical  spark  also  produces  chemical  effects  of  great  interest. 
If  it  is  passed  through  a  mixture  of  explosive  gases,  oxygen  aod 
hydrogen,  for  example,  the  explosion  is  instaataneoos.  On  this  fact 
is  based  the  construction  of  Volta's  pistol.  Figs. 
394  and  395  repi-esent  a  section  and  exterior  view 
of  this  little  apparatue :  it  consists  of  a  metal 
sphero-cylindrical  vessel,  closed  with  a  stopper  and 
filled  with  a  mixture  of  hydrogen  and  oxygen ;  a 
brass  rod  terminated  by  two  knobs  crosses  the 
lower  part  of  the  cylinder,  from  which  it  is  insu- 
lated by  a  glass  tube.  The  apparatus  being  in 
communication  with  the  ground,  the  exterior  knob  Pio.Mt.-voiu'ipiiUii 
of  the  conductor  of  an  electrical  machine  is  brought 
near ;  the  combination  of  the  two  gases  then  takes  place  with 
explosion,  and  the  stopper  is  forcibly  ejected  to  a  distance. 


Fia.  3V5.— £i|iloalOD  of 


The  electrical  spark  produces  a  number  of  chemical  reactions, 
among  which  we  may  mention  the  formation  of  nitric  acid  from 
oxygen  and  nitrogen,  the  decomposition  of  water  and  of  ammonia. 

We  have  already  alluded  Us  the  effects  of  the  discharge  when  <t 
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pas3e:j  through  the  organs  of  man  and  animals.  The  shocks 
much  stronger,  and  tliey  affect  a  htrger  portion  of  the  body,  wl 
they  proci'ed  from  more  powerful  chaises;  and  we  have  said  t 
it  is  dangerous  to  receive  the  charge  of  a  battery  formed  of  eve 
small  number  of  Leyden  jars.  By  means  of  the  condenser  kno 
as  the  falviinatiny  pane,  an  experiment  can  be  made  in  which 
shock  wliich  the  discbarge  produces  has  a  singular  and  amusing  eSi 


Flo.  3M.~FDlint 


The  fiihninatiug  pane  is  nothing  more  than  a  rectangular  plat< 
glass,  each  side  of  which  is  covered  with  tinfoil :  one  of  the  coatii 
is  insulated,  and  the  other  communicates  by  a  small  plate  wit 
wooden  frame,  thence,  by  a  metallic  chain,  with  the  ground.  1 
other  leaf  commtinicates  with  a  source  of  electricity,  and  the  c 
denser  is  thus  charged  ;  if,  now,  a  person  wishes  to  pick  up  a  piecf 
money  jilaced  on  the  upper  leaf,  he  receives  a  shock  which  contrt 
his  fingers,  and  prevents  him  from  taking  hold  of  it. 
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CHAPTER  IV. 

THE   PILE  OU   BATTERY. — ELECTTRICITY   DEVELOPED   BY   CHEMICAL 

ACTION. 

Experitueuts  of  Galvani  aud  discoveries  of  Yolta ;  CondensiDj^  Ele<3trometer. — 
Description  of  the  upright  pile. — Electricity  developed  by  cheuiical  actions. — 
Theory  of  the  Pile ;  electro-motive  force ;  voltaic  current. — Electricities  of 
high  and  low  tension. — Couronne  de  tasses  ;  Wollaston's  pile ;  helical  pile. — Con- 
stant-current piles ;  Daniell,  Bunsen,  and  Grove  elements. — Ph3rsical9  chemical, 
and  physiological  effects  of  the  pile. — Experiments  with  dead  and  living  animals. 

TN  the  experiments  hitherto  described,  the  electricity  has  been 
-^  developed  on  the  surface  of  the  bodies  by  a  mechanical  means ; 
such  as  friction,  pressure,  and  cleavage.  These  were  indeed  the  only 
methods  of  geheratin^lectricity  that  were  known  at  the  end  of  the 
last  century,  when  a  fortunate  occurrence  suddenly  revealed  to  physi- 
cists a  new  method  of  producing  the  mysterious  agent,  and  brought  to 
light  a  series  of  discoveries  of  the  greatest  interest,  not  so  much 
perhaps  in  reference  to  pure  science  as  to  practical  applications.  Two 
great  names  are  connected  with  the  origin  of  the  discovery  which 
added  so  much  to  the  science  of  electricity — Galvani  and  Volta. 

Galvani,  a  learned  doctor  and  Professor  of  Anatomy  in  the  Uni- 
veraity  of  Bologna,  was  one  evening,  in  the  year  1780,  very  busy  in 
his  laboratory  with  some  friends,  making  experiments  relative  to  the 
nervous  fluid  of  animals.  At  a  short  distance  from  an  electrical 
machine  used  in  the  experiments  there  were,  by  accident,  some 
freshly  skinned  frogs  destined  for  broth,  and  one  of  Galvani's 
assistants  "  inadvertently  brought  the  point  of  a  scalpel  near  the 
internal  crural  nerves  of  one  of  these  animals ;  immediately  all  the 
muscles  of  the  limbs  appeared  to  be  agitated  with  strong  convulsions. 
Cialvani's  wife  was  present ;  she  was  struck  with  the  novelty  of  the 
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phenomenon,  and  she  thought  that  it  concurred  with  the  passing  of  i 
spark."  ^  She  at  once  told  her  husband,  who  hastened  to  prove  thi 
curious  fact,  and  discovered  that  the  muscular  contractions  of  the  frp( 
did  indeed  take  place  whenever  a  spark  was  made  to  pass,  whilst  the] 
ceased  if  the  machine  was  not  in  action. 

To  the  Bolognese  doctor  this  observation  was  the  starting-point  o; 
numerous  experiments,  by  which  he  sought  to  prove  the  identity  o: 
the  nervous  fluid  of  animals  with  electricity.  In  1786  he  was  stil 
continuing  tliis  research ;  and  wishing  one  day  to  see  if  the  influence 
of  atmospheric  electricity  on  tlie  muscles  of  frogs  would  be  the  sam€ 
as  that  of  the  electricity  produced  by  machines,  he  hung  a  certaii 
nimiber  of  skinned  fi*ogs  to  the  balcony  of  a  terrace  of  his  house.    Th€ 

lower  limbs  of  these  animale 
were  hooked  on  the  iron  oi 
the  balcony  by  means  of  a 
copper  wire,  which  passed 
under  the  lumbar  nerves 
Galvani  noticed  with  surprise 
that  whenever  the  feet  touched 
the  balcony  the  limbs  of  the 
fi-ogs  wjpre  contracted  by  sharp 
convulsions,  although  at  that 
time  there .  was  no  trace  ol 
a  thunder-storm,  and  conse- 
quently  no  electrical  influence 
in  the  atmosphera  These 
facts  suggested  to  Galvani 
the  idea  that  there  existed 
a  kind  of  electricity  peculiai 
to  animals,  inherent  in  tlieir  organization ;  and  that  "  the  principal 
reservoirs  of  this  animal  electricity  are  the  muscles,  each  fibre  ol 
which  must  be  considered  as  having  two  surfaces,  and  as  possessing 
by  this  means  the  two  electricities,  positive  and  negative."  Hence, 
he  associated  the  muscular  contractions  observed  in  frogs  and  other 
animals  with  the  shocks  given  by  the  discharge  of  the  Leyden  jar. 

Alexander  Volta,  then  Professor  at  Pavia,  repeated  Galvani's 
experiments,  but  without  adopting  his  explanations.     According  to 
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Fio.  397. — Contraction  of  the  nuiscles  of  a  frog. 
Repetition  of  Galvani's  experiment. 
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^  P.  Sue,  "  Hibtoire  du  Galvanibiue." 
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him,  the  electricity  developed  is  of  the  same  nature  as  that  produced 
by  ordinary  electrical  apparatus:  it  is  the  contact  of  heterogeneous 
metals  which  gives  rise  to  the  production  of  electricity,  one  metal 
being  charged  with  positive  electricity  and  the  other  with  negative 
electricity,  which  combine  on  passing  through  the  conducting  mediimi 
of  the  muscles  and  nerves. 

A  discussion  was  carried  on  between  these  two  celebrated  phy- 
sicists, a  controversy  honourable  to  both  and  particularly  profitable  to 
science,  which  by  this  means  was  enriched  by  a  number  of  new  facts. 
The  invention  of  the  wonderful  apparatus  which  received  the  name  of 
the  Voltaic  pile,  at  last  secured  the  adoption  of  the  theory  of  the 
Pavian  professor ;  although  now  Galvani's  hypothesis  on  the  existence 
of  animal  electricity  has  partly  been  established,  and  Volta's  ideas 
have  been  greatly  modified.  This  is  not  the  place  to  give  the  his- 
tory of  the  controversy  we  have  just  mentioned,  nor  of  the  various 
researches  which  accompanied  and  followed  it :  we  must  rather  confine 
ourselves  to  the  description  of  the  principal  phenomena  which  relate 
to  this  branch  of  electricity,  and  to  an  account  of  the  explanations 
now  given  of  them. 

We  have  seen  that  Volta  thought  that  the  putting  in  contact  of 
two  different  metals  was  sufficient  to  produce  electricity ;  and  for  the 
purpose  of  studying  the  circumstances  of  this  production  he  invented 
an  electroscope  more  sensitive  than  the  gold-leaf  electroscope,  which 
consists  of  this  latter  with  the  conducting  rod  surmounted  by  a  con- 
densing plate  (Fig.  398).  Taking  a  plate  formed  of  two  pieces  of  copper 
and  zinc  soldered  together,  he  placed  the  copper  in  contact  with  one  of 
the  condensing  plates,  whilst,  with  the  finger,  the  other  plate  was  put  in 
communication  with  the  ground ;  as  soon  as  the  communications  were 
broken,  the  gold  leaves  diverge,  and  he  found  the  lower  plate  to  be 
charged  with  negative  electricity.  Volta  concluded  from  this  experi- 
ment that  the  simple  contact  of  the  two  metals  was  sufficient  to 
develop  negative  electricity  on  the  copper,  the  presence  of  which  was 
shown  by  the  electrometer;  and  positive  electricity  on  the  zinc,  which 
escaped  into  the  ground  through  the  body  of  the  observer.  He  was 
confirmed  in  this  idea  by  the  fact,  that  after  many  attempts,  at  first 
unsuccessful,  he  proved  the  presence  of  positive  electricity  in  the  zinc 
on  touching  the  plate  of  the  apparatus  with  that  metaL  Indeed,  he 
deceived  himself;  for  to  obtain  this  i*esult,  he  was  obliged  to  interpose 
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between  the  zinc  and  the  copper  plate  a  piece  of  cloth  soaked 
acidulated  water.  In  these  various  observations  Volta  did  not  t 
into  account  the  contact  of  the  fingers,  always  more  or  less  damp,  "^ 
the  zinc,  a  very  oxidizable  metal ;  nor,  in  the  second  experiment, 
influence  of  the  acidulated  water  on  the  same  metaL  However  1 
may  be,  he  admitted  that  the  contact  of  two  dissimilar  metals,  anc 
any  two  heterogeneous  bodies  in  general,  gives  rise  to  the  developm 
of  a  force  which  he  called  electro-motive  force,  because  it  is  opposed 
the  combination  of  the  opposite  electricities  produced  on  each  of  it 
bodies  by  the  contact  of  their  surfaces.  Although  these  theoret 
views  are  now  known  to  be  inexact,  the  fact  which  they  were  addu 
to  explain  was  I'eal ;  and  this  suggested  to  the  illustrious  physicist 

construction  of  an  apparatus  wl 
has   been  justly  considered  as 
chief  discovery  of  physical  scie 
in  modern  times — we  allude  to 
pile    which    bears    his    name. 
Voltaic    pile    or   battery,    invec 
in  1800. 

The  construction  of  this  appars 
is  as  simple  as  it  is  wonderfuL 

Two  superposed  discs,  one  of  c 
per  and  the  other  of  zinc,  fi 
what  Volta  called  an  ekctro-mc 
couple;  a  certain  number  of  tl 
couples  are  placed  one  on  the  ot 
in  such  a  manner  that  the 
metals  are  always  placed  in  the  same  order,  the  copper  at  the  boti 
and  the  zinc  at  the  top;  moreover,  each  pair  of  couples  is  separated 
a  disc  of  cloth  soaked  in  acidulated  water.  The  entire  number  of  tl 
couples,  forming  a  cylindrical  column  or  pile,  is  supported  betw 
three  glass  columns,  and  rests  on  an  insulating  glass  disc  fixed  t 
wooden  stand.  Such  is  the  pile  as  constnicted  by  Volta  and  as  i 
constructed  at  the  present  day,  with  the  exception  of  a  modifical 
which  will  be  spoken  of  presently.  The  following  are  some  of 
properties  : — From  end  to  end  of  the  cylindrical  column,  each  coi 
is  charged  with  electricity — positive  electricity  on  the  zinc,  and  m 
tive  on  the  coi>per — of  which  we  may  assure  ourselves  by  tlie  aic 
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s  condensiDg  electrometer.  But  the  electrical  tenaiou  varies  according 
to  the  distance  of  each  couple  from  the  extremities  of  the  pile :  at  the 
centre  thia  tension  is  nil ;  thence  the  n^ative  tension  increases  to  the 
lower  couple,  and  the  positive  tension  increa3es  efiiially  to  the  top 
couple.  The  greater  the  number  of  elements  or  couples,  the  greater 
the  tension  of  the  electricity  at  the  extremitien  of  the  pile. 

In  the  pile  constmcted  by  Yolta,  and  arranged  aa  we  have  said, 
a  copper  disc  forms  the  lower  extremity,  whilst  the  upper  is  termi- 
nated  by  a  zinc  disc.      These   two  discs   are  omitted  in  the  pile- 


columns  as  constmcted  in  the  present  day,  for  the  following  reason : — 
Volta  believed  that  the  real  electro-motive  couple  was  the  assemblage 
of  the  two  metals,  zinc  and  copper,  in  contact,  and  that  the  disc  of 
damp  cloth  served  simply  as  a  conductor.  It  has  since  been  proved 
that  the  electro-motive  force  is  produced  at  the  contact  surface  of  the 
damp  cloth  and  the  zinc,  under  the  influence  of  the  chemical  combi- 
nation of  the  metal  and  the  acid  ;  the  true  couple  is  therefore  formed 
of  the  zinc  and  copper,  separated  by  the  liquid  with  which  the  cloth 
is  soaked.     Therefore  the  copper  disc  of  the  lower  extremity,  and  the 
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zinc  of  the  upper  extremity,  are  useless,  and  are  hence  omitted.  Ai 
the  omission,  the  electrical  tensions  remain  distributed  as  befope, 
that  is  to  say,  the  tension  is  negative  on  the  lower  zinc  and  positi 
on  the  upper  copper ;  whence  the  names  negative  pole  and  posit 
pole  which  have  been  given  to  the  two  extremities  of  the  pile. 

If  the  two  poles  of  the  pile,  thus  constructed  and  charged,  are  j 
into  communication  by  means  of  a  conducting  body,  the  two  contn 
electricities  combine,  and  at  the  moment  of  contact  a  discharge  tal 
place.  For  instance,  on  touching  the  positive  pole  with  one  hai 
and  the  negative  pole  with  the  other,  a  shock  is  felt  similar  to  tl 
given  by  the  Leyden  jar ;  then  if  contact  is  continued,  a  pecul 
sensation  of  heat  and  trembling  is  felt.  If  the  two  poles  are  unit 
by  two  metallic  wires,  soldered  one  to  the  copper  end,  and  the  oti 
to  the  zinc  end,  a  spark  is  produced  at  the  moment  when  the  wi 
touch  each  other;  but  after  this  partial  discharge,  the  pile  immediate 
re-charges  itself,  and  the  same  phenomena  can  be  reproduced  foi 
length  of  time.  It  is  this  property  of  furnishing  electricity  in 
continuous  manner  which  characterizes  this  valuable  instrument,  a 
gives  rise  to  the  various  effects  which  we  shall  presently  describe. 

Since  the  time  of  Volta  the  pile  has  been  modified,  and  it  is  n< 
constructed  under  various  forms,  the  most  important  of  which 
shaU  describe ;  but  as  all  these  instruments  are  founded  on  the  sai 
principle,  viz.  that  of  the  production  of  electricity  by  chemical  acti 
it  is  necessary  to  show  by  experiment  the  truth  of  this  principle :  tl 
we  shall  now  do. 

If  we  plunge  a  copper  plate  into  a  glass  vessel  containing  nit 
acid  diluted  with  water  (Fig.  400),  and  place  the  plate  in  communis 
tion  with  the  lower  plate  of  the  condensing  electrometer,  whilst  t 
liquid,  as  well  as  the  upper  plate,  communicate  with  the  ground, 
I  observe,  as  soon  as  the  two  plates  are  separated,  that  the  gold  leai 

I  diverge,  and  the  apparatus  is  charged  with  negative  electricity. 

the  order  of  the  communications  is  changed,  and  we  connect  the  ac 
i  by  means  of  a  metallic  wire  with  the  lower  plate  of  the  condens 

while  the  other  plate  and  the  sheet  of  copper  communicate  with  t 
ground,  the  apparatus  will  be  charged  with  ])ositive  electricity.  If, 
place  of  the  copper,  a  metal  is  substituted  which  nitric  acid  does  e 
attack,  platinum  for  instance,  no  electricity  will  be  disengaged. 

Similar  results  are  obtained,  that  is  to  say,  a  more  or  less  cnpr<:^el 
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disengagement  of  electricity  results,  if  we  excite  chemical  action 
between  two  bodies.  Two  solutions,  one  alkaline  and  the  other  acid ; 
or,  again,  two  salts,  one  acid  and  the  other  neutral  or  alkaline,  brought 
into  contact,  produce  electricity,  which  is  positive  on  the  body  playing 
the  part  of  acid,  and  negative  on  that  which  plays  the  part  of  base. 

Such  is  the  principle  of  the  theory  actually  adopted  to  explain  the 
effects  of  the  voltaic  pile  ;  and  this  accounts  for  the  results  obtained 
by  this  illustrious  physicist,  and  for  the  experiments  by  which  he  tried 
to  demonstrate  that  a  single  contact  of  two  heterogeneous  bodies  suffices 
to  generate  the  electro-motive  force.  When  the  copper  and  zinc  plates 
were  caused  to  touch  one  of  the  plates  of  the  condensing  electrometer, 
he  did  not  observe  that  the  cause  of  the  disengagement  of  elec- 
tricity was  the  chemical  action  which  exerted  itself  between  the 
oxidizable  zinc  and  the  moist  hand. 
The  electrical  development,  which 
the  divergence  of  the  gold  leaves 
afterwards  proves,  must  be  attri- 
buted to  the  oxidation  of  the  metal, 
not  to  its  contact  with  the  copper 
which  plays  the  part  of  a  simple 
conductor.  Therefore  the  real  vol- 
taic couple  is  not,  as  we  have 
already  said,  the  association  of  the 
two  zinc  and  copper  discs,  but 
rather  the  zinc,  an  attackable  metal, 
and  the  layer  of  acid  with  which  the 
cloth  disc  is  soaked.     The  copper  is 

simply  a  conductor,  on  which  the  developed  positive  electricity  in  the 
acid  accumulates,  whilst  the  zinc  collects  the  negative  electricity. 
Volta  perfectly  pi-oved,  and  this  fact  is  independent  of  his  hjrpothesis, 
that  the  tension  of  each  kind  of  electricity  in  the  pile-column  in- 
creases as  the  two  poles  are  approached.  When  these  poles  are  put 
in  communication  by  two  metallic  wires,  that  is  to  say,  conductors, 
the  phenomena  of  tension  disappear,  and  the  pile  is  discharged ;  but 
in  proportion  as  the  recombination  of  the  two  electricities  takes  place, 
the  productive  cause,  which  is  the  chemical  action  of  the  sulphuric 
acid  on  the  zinc,  continues  to  act,  and  the  pile  thus  becomes  a 
constant  source  of  electricity,  so  that  it  is  possible  to  assimilate  this 
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action  to  an  incessant  flowing  of  the  two  kinds  of  electricity,  negat 
electricity  towards  the  positive  pole,  and  positive  electricity  towa: 
the  negative  pole,  through  the  interpolar  wire.  These  two  cinre] 
evidently  pass  in  contrary  directions  through  the  couples  themselve 

It  is  usual  to  give  a  direction  to  this  double  current,  consider! 
only  the  movement  of  the  positive  electricity.  This  is  called  1 
current  of  the  pik,  the  direction  being,  as  we  have  just  seen — and  it 
important  to  remember  this — from  the  negative  to  the  positive  p 
in  the  interior  of  the  pile,  and  from  the  positive  to  the  n^ative  pi 
in  the  portion  of  the  circuit  formed  by  the  connecting  wires,  whi 
are  sometimes  called  reophores,  or  carriers  of  the  current. 

We  will  now  speak  of  the  difference  in  the  phenomena  of  elecl 

city,  as  we  have  studied  them  in  the  electrical  machine  and  Leyd 

jar,  and  those  shown  by  the  voltaic  pile.    In  the  first  apparatii%  1 

i  electricity  developed  remains  at  rest  on  the  surface  of  the  condoeb 

'  which  has  gained  for  it  the  name  of  static  electricity.     On  the  otil 

hand,  the  electricity  which  is  constantly  produced  in  a  pile  and 
through  the  conductors,  is  electricity  in  motion,  whence  the 
dynamic  electricity.  Nevertheless,  if  we  analyse  more  closely  til 
two  classes  of  phenomena,  it  is  evidently  preferable  to  chaiaoM 
them  in  a  different  manner.  When  we  unite  by  the  help  of  a  dl 
ductor  the  contrary  electricities  which  have  accumulated  on  the  t 
coatings,  interior  and  exterior,  of  a  Leyden  jar,  there  is  also,  as  in.l 
pile,  an  electric  current ;  but  this  current  lasts  but  a  moment,  becai 
the  cause  which  developed  the  electricity  no  longer  exists.  In  the  pi 
'  '  the  renewing  of  the  electricity  takes  place  in  proportion  to  the 

composition,  and  the  current  is  continuous.  Moreover,  the  phenome 
produced  under  these  two  conditions  have  a  very  great  analogy,  a 
the  differences  which  they  present  result  mainly  because,  in  the  ft 
case,  the  electricities  which  combine  with  each  other  are  at  very  hi 
tension,  while,  in  the  second  case,  they  gain  in  continuousness  wl 
they  lose  in  intensity.  It  is  now  considered  preferable  to  substitx 
for  the  names  which  we  have  just  mentioned,  those  of  electria 
of  high  tension,  which  is  that  of  the  ordinary  electrical  machine,  ai 
electricity  of  loiv  tension,  which  is  tlie  electricity  of  the  pile. 

Volta's  pile  has  received  various  forms,  devised  with  a  view 
rendering  it  more   convenient,  and  more  especially  to  increase  i 
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energy.  In  the  original  column  pile,  the  energy  ia  diminished  by 
the  escape  of  the  liquid  which  the  weight  of  the  auperposed  elements 
causes  to  ooze  to  the  outside  ;  this  produces  secondary  outer  currents 
at  the  expense  of  the  principal  current  In  the  various  forms  of 
buttery  we  are  about  to  describe,  the  principle  is  precisely  the  same 
as  that  of  the  voltaic  pile. 

The  trough  pile  invented  by  Ciuikshank  is  formed  of  plates  of 
zinc  and  copper  soldered  together,  and  arranged  parallel  to  each 
other  in  a  wooden  box  or  trough.  The  eleuients,  insulated  by 
mastic  or  resin,  are  separated  into  coinpartmeuts,  whicU  are  filled 
with  acidulated  water  when  the  pile  is  about  to  be  used.  By 
this  arrangement  secondary  currents  are  no  longer  produced. 


Imagine  a  series  of  cups  or  glasses  tilled  with  acidulated  water, 
and  arched  plates  formed,  in  one  case  of  coppei',  and  in  the  other  of 
zinc,  the  extremities  of  which  are  inserted  in  the  liquid  of  two  con- 
secutive glasses,  so  that,  in  each  of  these,  there  are  two  plates,  one  of 
copper,  and  the  other  of  zine.  On  uniting  by  two  metallic  wires  or 
reophores  tlie  copper  ard  zinc  plates  of  the  extreme  vessels,  we  have 
the  cup  pile  invented  by  Volta,  which  is  also  called  the  croun pilr. 
because  the  elements  are  generally  arranged  in  a  circle,  as  shown 
in  Fig.  401.  AVollaston  devised  the  following  arrangement: — A  rect- 
angular sheet  of  copper  is  curved  in  such  a  manner  as  to  envelope 
within  it  a  zinc  plate,  from  wliiili  it  is  separated  above  ami  below 
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by  pieces  of  wood.  A  band  of  copper  is  soldered  to  the  tipper  pa 
tlie  zinc,  and  l>ent  on  both  sides  at  right  angles,  so  as  to  connecl 
copper  plate  of  the  next  element ;  lastly,  aJl  these  bands  are 
to  a  cross-piece  of  wood,  wliich  can  be  raised  or  lowered  at 
together  with  all  the  elements.  Vessels  tilled  with  acidulated  t 
are  placed  under  each  element ;  by  lowering  the  cross-piece  the 
can  be  worked  (Fig.  402).  The  advantage  of  Wollaston's  pile,  be 
the  facility  for  working  it,  is  the  great  ext«nt  of  zinc  surfac 
contact  with  the  acid. 

We  may  mention  also  the  piles  of  Muncke,  and  of  Oerated, 
the  spiral  pile  which  was  invented  by  Hare;  the  latter  lias  { 
surface  with  small  bulk.     It  is  formed  of  two  long  wide  banc 


copper  and  zinc,  which  are  both  wound  round  a  wooden  cylinder 
the  two  consecutive  spirals  of  the  two  metals  are  insulated  by  n 
wood  or  pieces  of  cloth.  The  whole  is  immersed  in  a  pail  fi 
acidulated  water,  when  the  pile  is  about  to  be  used. 

In  the  piles  just  described  the  electrical  current  is  variable  ;  i 
commencement  of  the  action  it«  intensity  is  as  great  as  possible 
different  causes  tend  to  progressively  diminish  the  energy,  I 
the  influence  of  the  current,  water  partially  decomposes;  the  hydi 
one  of  the  gases  which  compose  it,  is  disengaged  on  the  zinc  as 
as  on  the  copper,  and  forms  on  the  surface  of  the  metal  a  ga 
stratum,  which  diminishes  the  chemical  action.  Partial  curren 
also  formed  which  interfere  more  or  less   witli   tlie  eleetricitj' 
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engaged,  and  thus  weakcu  the  interpolar  current  Lastly,  as  by  the 
very  fact  of  tlie  chemical  reactiotis  there  is  combiaation  of  oxide  of 
ziDC  with  sulphuric  acid,  producing  a  salt,  sulphate  of  zinc,  it  ia 
evident  that  the  liquid  is  more  and  more  iiupoveiished  as  regards 
acid.  Endeavours  have  been  made  to  render  the  cuirents  of  the 
piles  constant,  by  modifying  the  construction  of  the  electro-motive 
couples.  Hence  the  constant  current  piles,  which  are  distinguished 
from  variable  current  piles  principally  by  the  placing  of  each  ele- 
ment of  the  couple  in  contact  with  a  particular  liquid,  to  present 
the  formation  of  hcterc^eneous  deposits  on  each  of  theuL 


The  batteries  most  employed  are  those  of  Danicll,  Bunsen,  and 
Grove,  The  electro-motive  couple  of  Daniell's  pile  is  represented  in 
Fig.  404.  It  consists  of  two  vessels,  the  outer  one  of  glass  or 
earthenware,  and  the  other,  placed  within  the  first,  of  porous  eartli. 
Between  the  two  vessels  water  acidulated  with  sulphuric  acid  is 
poured,  and  in  the  porous  vessel  a  solution  of  sulphate  of  copper. 

In  the  first  liquid  a  wide  plate  of  amalgamated  zinc,  of  cylin- 
drical form,  is  immersed,  and  in  the  other  a  copper  cylinder.  The 
following  is  the  manner  in  which  the  disengagement  of  the  two 
electricities  takes  place  on  the  copper  and  zinc. 

Water  is  decomposed ;  its  oxygen  attacks  the  zinc  and  forms  oxide 
of  zinc,  which  combines  with  the  sulphuric  acid  of  the  liquid  of  the 
QQ2 
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outer  vessel ;  the  zinc  ticquires  a  negative  electric  tension.  1 
hytlrc^en  of  the  water,  passing  through  the  porous  vessel,  attacks 
sulphate  of  copper,  the  oxide  of  which  is  decomposed ;  and  the  cop 
is  precipitated  iu  the  metallic  state  on  the  cylinder  of  the  same  mt: 
which  acquires  a  positive  electric  tension.  Each  reaction  engenc 
a,  current,  the  first  from  the  zinc  to  the  acid,  the  second  from 
copper  to  the  solution  which  surrounds  it  The  electro-motive  fc 
of  Dauiell's  couple  is  the  resultant  of  these  two  contrary  forces.  ' 
iinal  current  ia  not  of  great  strength,  but  it  remains  sensiblj  const 
if  tlie  precaution   lias  been  taken  to  place  crystals  of  sulphate 


Fio.  *W,- Couple  of  DanleU'abiitlenr. 


copper  in  the  porous  vessel.  Tlie  zinc  and  copper  keep  their  siirft 
intact  without  any  deposit  of  foreign  matters. 

Bunseo's  couple  is  arranged  like  that  of  Baniell's,  but  the  cop 
cylinder  is  replaced  by  one  of  gas  retort  carbon,  and  the  solutioi: 
sulphate  of  copper  by  nitric  acid.  Bunsen's  couple  is  preferable 
Daniell's  on  account  of  the  strength  of  the  current,  but  it  ia  iiife 
in  being  less  constant. 

Grove's  battery  is  constructed  as  follows  : — A  vessel  compose< 
any  material  not  attacked  by  sulphuric  acid  is  partially  filled  \> 
that  ncid  diluted  in  the  proportion  of  one  acid  to  eight  wafer. 
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tliis  vessel  is  inserted  a  zinc  plate  which  is  curved  in  tbe  form  of 
an  U,  Into  this  U  is  inserted  e  porous  vessel  containing  nitric 
acid  and  a  plate  of  platinum.  The  platinum  of  one  cell  is  connected 
with  the  zinc  of  another,  and  so  on.  This  battery  is  one  of  very 
great  power. 

By  uniting  several  similar  couples  hy  their  contrary  poles, 
Daniell's,  Bunsen's,  and  Grove's  batteries  are  formed,  the  strength 
being  proportional  to  the  number  of  elements  thus  united.  The 
negative  pole  in  both  piles  is  tlie  zinc  of  the  last  element ;  and  the 
positive  pole  the  last  copper  in  Daniell's  pile,  or  the  last  platinum 


plate  in  Grove's,  or  the  last  carbon  in  Bunsen's  pile,  as  s])o^vn  in 
Fig.  406. 


We  may  now  describe  some  of  the  more  remarkable  phenomena 
which  give  rise  to  the  production  of  electricity  of  low  tension ;  that  is 
to  say,  of  electricity  produced  by  voltaic  piles  under  the  influence  of 
chemical  action.  Heat,  light,  chemical  combinations  and  decomposi- 
tions, nervous  shocks  and  various  physiological  effects,  are  among  the 
various  order  of  phenomena  which  are  manifested  by  the  wonderful 
apparatus  with  which  Volta,  sixty-eight  years  ago,  enriched  s 
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The  calorific  effects  of  piles  are  mucn  more  iatcase  than  tl 
obtained  by  tbe  discbarge  of  electrical  apparatus  at  high  tension 
the  followiug  experiments  will  show  :  if  the  circuit  of  a  few  cou 
of  Wollaston's  battery  is  closed,  by  connecting  the  reophorea  wit 
metallic  wire  of  small  diameter  and  a  few  centimbtres  in  length, 
wire  becomes  heated  under  the  influence  of  the  current  which  pa 
through  it,  soon  it  acquires  a  red  beat,  then  melts,  and  is  volatili 
With  a  pile  of  21  of  Wollaston's  elements,  platinum  wires  of  5  m 
metres  in  diameter  and  7  centimetres  in  length  can  be  melted 
constant  current  piles  are  more  powerful  still ;  with  50  of  Buns 
elements  iron  or  steel  wires,  more  than  30  centimetres  in  lei 
and  of  the  size  of  a  knitting  needle,  fuse  and  bum,  sending 
brilliant  sparks  in  all  directions.     The  size  of  the  elements 


more  influence  on  the  intensity  of  the  heat  effects  than  the  nun 
of  couples  used.  Davy  fused  various  metals,  and  observed  the  curi 
phenomena  of  coloration  which  proceed  from  the  combination 
metals  with  oxygen  by  the  use  of  a  battery  possessing  large  surf 
Iron  burns  with  a  red  light;  zinc  gives  a  flame  of  a  bluish  wh 
gold,  yellow ;  silver,  white,  with  a  greenish  tint  on  the  edges ;  cop 
green ;  tin,  purple  ;  Jead,  yellow ;  platinum  alone  melts  without  bt 
oxidized,  and  falls  in  drops  of  dazzling  brightness. 

We  have  seen  thiit  dilTerent  metals  do  not  conduct  electrii 
equally  well :  those  which  offer  to  the  current  the  greatest  resista 
become  heated  to  the  greatest  e.\tpnt.  If  we  take  two  wires  of  e(] 
diameter,  formed  of  different  nictuls,  one  of  which  becomes  incam 
cent,  while  the  other  remains  diirl;,  the  latter  is  always  formed  of 
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best  conducting  metal.  This  fact  has  been  proved  by  forming  a 
metallic  chain  of  links  which  are  alternately  silver  and  platinum,  and 
by  attaching  the  two  extremities  of  the  chain  to  the  reophores  of  a 
pile ;  when  the  current  passes,  the  platinum  begins  to  redden,  becomes 
incandescent,  and  even  melts,  whilst  the  silver  remains  unchanged. 
The  conductibility  of  this  last  metal  for  electricity  is  100,  whilst  that 
of  platinum  is  only  8.  It  is  for  this  same  reason,  that  is  to  say,  on 
account  of  the  different  resistance  offered  to  the  passage  of  the  same 
current,  that  two  wires  of  the  same  metal  and  unequal  diameter  heat 
unequally ;  as  the  larger  offers  less  resistance,  it  consequently  heats 
less  than  the  smaller.  When  a  metallic  wire,  raised  to  a  red-heat  by 
the  voltaic  current,  is  plunged  into  water,  the  incandescence  ceases, 
which  is  but  natural,  since  it  transfers  part  of  its  heat  to  the  liquid, 
but  a  curious  experiment  of  Davy's  proves  that  this  phenomenon  has 
also  another  cause.  Having  made  a  metallic  wire  red-hot  by  means  of 
the  voltaic  pile,  he  cooled  a  portion  of  the  wire  by  touching  it  with  a 
piece  of  ice ;  immediately  the  part  not  touched  was  mised  to  a  white 
heat  and  melted,  which  fact  receives  the  following  explanation : — The 
cooling  diminishes  the  resistance  of  the  wire,  and  thus  increases  the 
intensity  of  the  current,  which  then  becomes  strong  enough  to  melt 
the  portion  of  the  wire  which  the  first  intensity  had  only  raised  to 
redness.  In  the  case  of  the  wire  immersed  entirely  in  waiter,  the 
incandescence  of  which  ceases,  the  phenomenon  is  complete ;  there  is 
the  cooling  by  contact  with  the  water,  diminution  of  the  resistance  of 
the  wire  and  increase  of  the  intensity  of  the  current ;  and  these  two 
last  causes  produce  contrary  effects. 

Voltaic  batteries  produce  electricity  at  low  tension  ;  it  is  therefore 
not  astonishing  that  the  reunion  of  the  reo])h()res  of  a  charged  pile 
does  not  produce  a  spark,  or,  at  least,  only  a  small  one.  But  if  a  very 
powerful  pile  is  used,  composed  of  a  great  number  of  elements,  and  if 
instead  of  closing  the  circuit  by  placing  the  wires  in  contact  a  small 
space  is  left  between  their  extremities,  sparks  will  appear  close  upon 
each  other,  which  form  a  continuous  light  if  the  two  wires  are  termi- 
nated by  charcoal  points.  This  continuous  light  is  known  as  the 
voltaic  arc.  Davy,  with  a  pile  of  2,000  couples,  each  having  4  square 
decimetres  of  surface,  obtained  a  dazzling  light,  which  appeared  in  a 
continuous  manner  in  the  space  between  two  charcoal  points.  This 
space  was  at  first  only  half  a  millimetre ;  but  the  light  once  produced 
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.'  lie  could  separate  the  coal  points  to  a  distance  of  11  millimetres.     I 

I  then  saw  a  phenomenon  of  great  beauty.     The  electric  light  spre^ 

itself  between  the  two  electrodes  in  the  form  of  an  arch,  the  convexi 

being  above,  and  of  such  intense  brightness  that  the  eye  could  scarce 

endure  it.     In  vacuo  the  length  of  the  arc  is  greater  than  in  a 

Since  the  time  of  Davy,  the  production  of  the  voltaic  arc  has  be< 

rendered  more  easy,  and,  thanks  to  the  induction  apparatus  which  \ 

shall  describe  in  a  succeeding  chapter,  it  has   also  been  employe 

for  lighthouses.     The  arc  develops   a  heat  of  extreme  intensity 

metals  melt  in  it  like  wax  in  the  flame  of  a  lamp. 

The  most  refractory  bodies  have  been  melted  and  volatilized  1 
M.  Despretz,  at  first  with  a  pile  of  600  codples,  then  by  using  i 
induction  apparatus.  Oxides  of  zinc  and  iron,  lime,  magnesium  ar 
aluminium  were  reduced  to  globules ;  graphite,  volatilized,  deposit< 
a  dust  on  the  electrodes  which,  when  examined  with  the  microscop 
appeared  as  very  small  octahedral  crystals  :  with  this  powder,  rubi< 
have  been  polished ;  it  has  therefore  been  concluded  that  the  graphi 
— which,  like  the  diamond,  is  of  pure  carbon — ^had  been  crystallize 
under  the  influence  of  the  intense  heat  of  the  arc,  and  changed  in 
very  small  diamonds. 

The  chemical  effects  of  the  pile  present  the  greatest  intere^ 
Decomposition  of  water  is  one  of  the  most  important.  To  effe 
this  the  apparatus  represented  in  Fig.  407,  called  a  Voltametc 
because  the  quantities  of  water  decomposed  in  a  given  time  by  tl 
voltaic  current  serve  to  measure  the  intensities  of  these  currents, 
employed.  It  consists  of  a  glass  vessel,  the  bottom  of  which 
covered  with  mastic  and  pierced  by  two  platinum  wires  which  unii 
at  the  extremities  of  the  reophores  of  the  pile ;  the  vessel  is  fille 
with  water,  with  the  addition  of  a  few  drops  of  sulphuric  acid,  whic 
renders  the  liquid  a  better  conductor.  Two  graduated  glass  tub 
cover  the  platinum  plates.  When  the  current  passes,  bubbles  of  gi 
are  seen  to  be  disengaged  round  the  plates  and  to  rise  to  the  top  < 
each  tube.  One  of  these  gases  is  hydrogen,  the  other  oxygen,  ar 
the  volume  of  the  first  is  always  double  that  of  the  second.  Mor 
over  the  disengagement  of  the  oxygen  always  takes  place  from  tl 
plate  which  is  attached  to  the  reophore  of  the  positive  pole,  whil 
the  hydrogen  is  disengaged  at  the  negative  pole. 

By  the  aid  of  the  pile,  Davy  succeeded  in  decomposing  the  oxid 
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of  the  Rikaline  metals,  potash  for  example,  from  which  resulted  a  new 
metal,  potasgium.  A  great  many  other  chemical  compounds,  actds 
and  bases,  have  been  resolved  into  their  elements  by  the  influence  of 
the  voltaic  cnrrent,  and  chemistry  possesses  in  it  a  new  and  powerful 
means  of  analysis.  We  may  mention  as  anothei  exaniiile  of  decom- 
position, that  of  a  metallic  salt;  we  shall  see  presently  the 
importance  of  the  applications  which  the  arts  have  made  of  this 
mode  of  electrical  action. 

Tlie  salt  known  in  chemistiy  as  sulphate  of  copper,  is  a  compound 
of  two  binary  combinations ;  on  the  one  hand,  sulphuric  acid,  and  on 
the  other,  protoxide  of  copper.  Sulphur  and  oxygen  form  sulphuric 
acid  ;  copper  combined  with  the  same  gas,  oxygen,  foiins  the  metallic 
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oxide.  Let  ua  examine  how  the  separation  of  these  elements  can 
be  made  under  the  influence  of  electricity  diaengi^ed  from  the 
reophores  of  a  pile. 

In  a  vessel  which  holds  a  solution  of  sulphate  of  copper,  two 
platinum  plates  attached  to  the  reophores  of  the  pile  are  immersed. 
Under  the  influence  of  the  electric  current,  bubbles  of  oxygen  are 
seen  to  be  disengaged  around  the  plate  which  corresponds  to  the 
positive  pole — this  is  called  the  positive  electrode— and  the  copper  is 
deposited  in  a  metallic  state  on  the  surface  of  the  plate  which  forms 
the  negative  electrode.  Thus  the  salt  lias  been  decomposed ;  its 
base,  separated  from  the  acid,  is  itself  decomposed  into  oxygen  and 
copper :  as  the  sulphuric  acid  became  free,  it  was  carried  towards  the 
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positive  electrode.     We  may  satisfy  ourselves  of  this  by  testing  wi 
litmus  paper  different  parts  of  the  solution,  and  we  shall  see  that  t 
red  tint  of  the  test  paper  is  strongest  in  the  vicinity  of  the  positi 
>  electrode.     The  phenomena  of  chemical  decomposition  by  volte 

I  electricity  are  extremely  numerous  and  complex ;  in  fact,  they  wou 

'  require  a  volume  to  describe  them.     We  will  confine  ourselves  to  t 

indication  of  a  singular  fact  which  always  accompanies  electrolyi 
■  action  (this  is  an  expression  deduced  from  the  word  Electrolysis  ^ 

which  Faraday  distinguished  decomposition  by  the  pile).  When  t 
electrodes  have  been  in  use  some  time,  if  they  are  taken  out  of  t 
saline  solution,  plunged  into  pure  water,  and  put  in  communicati 
with  the  wires  of  a  galvanometer,  it  will  be  remarked  with  tl 
instrument,  which  will  be  described  shortly,  that  a  current  pass 
in  a  contrary  direction  to  the  original  current ;  that  is  to  say,  frc 
the  negative  to  the  positive  electroda  It  is  then  said  that  t 
electrodes  are  polarized.  The  secondary  current  of  which  we  spej 
is  only  temporary,  and  is  due  to  the  accumulation  on  the  electrod 
of  the  deposit  produced  by  electrolysis ;  it  ceases  as  soon  as  the 
deposits  are  destroyed  by  the  effect  of  the  fresh  chemical  actio 
engendered  under  its  influence. 

Commotions  or  nervous  shocks,  caused  by  the  ppssage  of  a  curre 
from  a  pile  through  the  oi^ns  of  men  or  animals,  are  greater  as  t! 
pile  is  formed  of  a  larger  number  of  couples.  The  effect  produc< 
depends  only  on  the  tension  of  the  pile,  a  tension  which  increas 
with  the  number  of  the  elements,  the  surface  being  unable  to  effe 
a  like  result  It  is  dangerous  to  be  exposed  to  the  shock  of  a  powerf 
pile.  Gay-Lussac  felt  for  more  than  a  day  the  violent  shock  1 
received  by  toucliing  the  two  reophores  of  a  trough  pile  of  6( 
couples.  The  sensation  is  perceived  with  the  greatest  strength  at  t] 
moment  when  the  circuit  is  closed.  Then  the  arms  and  chest  a 
shaken,  but  afterwards  only  a  sort  of  trembling  is  felt  in  the  muscl 
of  the  arms  and  hands ;  when  the  communication  is  at  last  broken, 
fresh  shock  is  felt,  more  feeble  than  the  first.  Moreover  it  is  nece 
sary  to  distinguish  two  sorts  of  physiological  effects  of  the  pile ;  tl 
simple  muscular  contraction,  without  pain,  and  a  sharp  and  painf 
sensation,  witliout  contraction.  It  is  now  known  that  the  nerves  a 
divided  into  sensible  nerves  and  motor  ner\'es  :  the  first  have  tl 
function  of  transmitting  the  sensations  to  the  nervous  centres,  tl 
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brain  and  the  spinal  cord;  while  the  motor  nerves  execute,  so  to 
speak,  the  orders  which  come  from  the  brain  itself,  and  give  motion 
to  the  muscles.  These  two  kinds  of  nerves,  the  one  motor  and  the 
other  sensory,  are  inserted  by  two  kinds  of  root,  and  are  united  for  a 
certain  space;  they  are  then  separated  and  divided  into  two  branches, 
one  carrying  sensibility  to  the  organs,  the  other  giving  them  move- 
ment. Now,  if  the  circuit  is  closed  after  having  placed  one  of  the 
reophores  on  the  common  fibre  of  the  two  orders  of  nerves,  there  is 
both  contraction  and  painful  sensation  in  the  animal  subjected  to 
the  experiment  But  there  is  only  contraction  if  the  ramifications 
of  the  motor  nerves  are  touched,  and  only  pain  if  the  ramifications 
of  the  sensory  nerves  are  first  touched  by  the  wire. 

The  physiological  efiects  of  the  pile  have  been  the  object  of 
numerous  and  very  interesting  experiments,  both  on  living  and  dead 
animals.  Galvani  and  his  kinsman,  Aldini,  professor  at  Bologna,  had 
the  honour  of  commencing  this  fruitful  study  of  the  influence  of 
electricity  on  animals.  They  showed  that  the  passage  of  the  current 
produces  in  the  muscles  of  dead  animals  contractions  frightfully  like 
the  movements  which  they  have  during  life.  Aldini's  experiments 
on  the  bodies  of  two  criminals  beheaded  at  Bologna,  in  1802,  are 
particularly  celebrated ;  those  also  of  Dr.  Andrew  Ure  on  the  body 
of  a  criminal  an  hour  after  he  was  taken  from  the  gibbet.  One  of 
the  nerves  of  the  eyebrow  was  put  into  connection  with  one  of  the 
wires  of  the  pile ;  the  heel  with  another  pole :  when  the  face  of  the 
criminal  contracted  in  such  a  hideous  manner  that  one  of  the  assistants 
fainted.  No  expression  can  describe  the  horror  of  the  observers  in 
the  terrible  scene  which  followed  from  this  experiment. 

The  action  of  the  pile  on  living  beings  is  not  less  curious ;  and 
its  eflfecte  interest  us  more,  since  we  have  discovered  their  good 
influence  in  the  curing  of  certain  illnesses,  principally  nervous 
aflections.  The  action  of  the  voltaic  current  on  the  organs  of 
the  senses  produces  precisely  the  sensations  belonging  to  each  of 
them.  By  exciting  the  optic  nerves,  the  sensation  of  light  is  pro- 
duced, and  that  of  soimd,  if  the  nerves  of  the  ear  are  touched. 
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CHAPTER  V. 


ELECTRO-MAGNETISM. 


Action  of  a  cnrrent  on  the  magnetic  needle ;  Oersted  and  Ampere.— Schweigger 
multiplier ;  conBtraction  and  use  of  the  galvanometer. — Action  of  magnets  o 
currents. — Action  of  currents  on  currents. — Influence  of  the  terrestrial  magneti 
force. — Amp^re^  discoveries ;  solenoids  ;  the  electrical  helix  ;  theory  of  ma^ 
nets. — Magnetism  of  soft  iron  or  steel  discovered  by  Arago  ;  magnetization  b 
means  of  helices. — The  electro-magnet ;  its  magnetic  power ;  its  effects. 

rpWENTY  years  after  the  discovery  of  the  voltaic  pile,  a  new  fac 
-*-  of  great  importance  was  brought  to  light  by  Oersted,  a  Swedisl 
physicist,  professor  in  the  University  of  Copenhagen :  he  discoverer 
that  the  electric  current  acts  on  the  magnetic  needle.  For  some  timi 
the  existence  of  a  relation  between  magnetic  and  electrical  phenomeni 
had  been  suspected^  the  perturbations  undergone  by  the  compass  oi 
board  vessels  struck  by  lightning  had  been  noticed ;  as  also  on  thos( 
whose  masts  had  presented  the  electrical  phenomenon  known  as  th< 
fire  of  Saint  Elmo ;  it  was  known  that  the  discharges  of  electrii 
batteries  agitated  a  magnetic  needle  placed  in  their  vicinity.  Bu 
these  facts  afforded  but  vague  ideas  as  to  the  actual  correlatioi 
which  exists.  In  1820,  the  year  in  which  Oersted  made  his  dis 
covery,  Ampfere  studied  and  propounded  the  laws  of  this  action,  an( 
showed,  moreover,  that  the  currents  themselves  act  on  other  currents 
Lastly,  Arago  discovered  the  magnetism  of  soft  iron  and  that  o 
steel  under  the  influence  of  the  current  of  the  voltaic  pQe.  Thes< 
experiments  were  the  starting  points  of  a  multitude  of  new  ones 
which  in  a  short  time  changed  the  aspect  of  this  branch  of  science 
by  demonstrating  that  magnetism  and  electricity  are  varied  manifesta 
tions  of  the  same  cause.  We  shall  see  hereafter,  that  the  discoveries 
which  revealed  the  real  nature  of  magnetism,  and  gave   so  mucl 
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advance  to  theory,  have  not  been  less  fruitful  in  ingenious  and  useful 
applications. 

Let  us  now  return  to  Oersted's  experiment.  Imagine  a  magnetic 
needle  suspended  on  a  pivot,  and  moveable  in  a  horizontal  plane  ; 
we  know  that  it  will  then  place  itself  in  the  magnetic  meridian, 
making  a  constant  angle  with  the  north  and  south  geographical 
meridian  lina  If  we  then  place  parallel  to  the  needle,  and  at  a 
short  distance  above,  a  metallic  wire  whose  extremities  are  joined  to 
tlie  reophores  of  the  pile,  we  notice  that  so  soon  as  the  current  passes, 
the  needle  is  deviated  from  its  position ;  it  leaves  the  magnetic 
meridian  and  sets  itself  across  the  current.  If,  instead  of  placing 
tlie  wire  above  the  magnetic  needle,  it  is  placed  at  the  same 
distance   below   it,   tlie   needle   is   again    deviated   and    sets   itself 
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across  the  current.  In  repeating  the  same  two  experiments  and 
changing  the  direction  of  the  voltaic  current, — that  is,  if  it  first  passes 
from  south  to  north,  it  is  now  caused  to  pass  from  north  to  south, — 
we  observe  that  the  needle  is  again  deviated  and  sets  itself  at  right 
angles  to  the  current,  but  in  precisely  opposite  directions  to  those 
which  it  assumed  under  the  influence  of  the  direct  current. 

Again,  if,  instead  of  placing  the  wire  parallel  to  the  needle,  it 
is  placed  perpendicularly  to  the  horizontal  plane  opposite  one  or 
the  other  pole,  the  needle  will  be  seen  to  undergo  again  the  same 
deviations,  corresponding  to  the  four  fresh  dispositions  which  can 
be  given  to  the  voltaic  current, — from  top  to  bottom,  bottom  to  top, 
and  opposite  either  to  the  southern  or  northern  pole  of  the  needle. 

Such  are  Oersted's  experiments,  and  Ampere  succeeded  in 
formulating,  in  a  single  statement,  the  law  which  governs   them. 
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He  conceived  the  iDgenious  idea  or  persomfyii 
figuring  it  aa  a  person  laid  along  the  current, 
poBBible  positions,  is  always  turned  towards 
needle.  The  current,  wbicli  passes  from  the  y 
pile  to  the  negative  pole  through  the  wii«,  is 
by  the  feet  of  the  person  and  to  come  out  at 
current  is  found  to  have  s  right  and  a  left,  whic 
person  himself:  therefore,  the  following  is  th( 
by  which  Ampere  liaa  connected  the  various 
furnish  Oersted's  experiment: — 

Wkfv,  an  rieeiric  current  ads  on  a  magnetic 
pole  of  the  needle — which  is  always  that  which 
the  north — is  deviated  towards  the  left  of  tlte  cu 

Thus,   if    the   current  passes   parallel   to  thf 


FlO.  40».— I>»vl»li< 


south  to  north,  the  case  is  met  by  that  of 
and  410.  In  the  case  of  the  upper  current,  t 
deviated  to  a'  to  the  left  of  the  current, — that  is, 
if  the  current  passes  below  the  needle,  it  is  al' 
left  of  the  current  that  the  south  pole  a  is 
this  pole  moves  towards  the  east  If  the  direct 
is  changed,  still  remaining  parallel  to  the  needle, 
it  passes  from  north  to  south, — the  southern  po 
towards  the  east,  in  the  case  of  the  upper  ct 
west,  in  the  case  of  the  current  placed  below  t 
when  the  current  is  vertical,  it  can  be  either  asc 
ing,  and  placed  either  opposite  the  northern  or 
the  magnet.  In  the  case  represented  in  Fig. 
pole  is   seen   to  deviate   to  the   east;   that   is,  i 
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current.  We  will  leave  the  reader  to  find  the  direction  of  the 
needle  in  the  other  cases ;  a  task  which  has  been  rendered  easy  by 
Ampere's  law. 

The  laws   which   regulate   those   observations  were   studied  by 
Biot   and  Savart  and  by  Laplace.     Bearing  in  mind  the   fact  that 
the  influence  of  the  current  depends  on  its  intensity   and,  conse- 
quently, on  the  surface  of  the  couples  of 
the  pile  employed,  it  diminishes  in  pro- 
portion as  the  distance  from  the  needle 


increases.     It  must  not  be  forgotten  that 


t 


Fio.  411.— Deviation  to  the  left  of  the 
rurrwnt.    Vertical  current. 


in  the  presence  of  a  voltaic  current,  the 
needle  is  subjected  to  two  influences  at 
the  same  time,  viz.  that  of  the  current 
itself,  and  that  of  the  earth,  wliich  acts 
on  the  needle  like  a  magnet ;  the  devi- 
ations observed  are,  therefore,  an  effect 
resulting  from  these  two  simultaneous 

actions.  If,  by  any  means,  we  can  render  the  direction  of  a  magnetic 
needle  independent  of  the  action  of  the  earth — it  is  then  called  an 
astatic  needle — the  current  deviates  the  needle  to  a  right  angle,  what- 
ever may  be  its  intensity.  The  deviation  then  indicates  only  the 
presence  of  the  current,  without  proving  its  energy. 

Let  us  now  see  how  we  can  utilize  the  action  of  electrical  currents 
on  the  magnetic  needle,  in  the  construction  of  apparatus  which  serve 
both  to  prove  the  presence  of  small  currents,  and  to  measure  their 

intensity.  We  will  first  describe  the 
apparatus  called  ScMveigger's  multiplier, 
from  its  inventor: — 

It  consists  of  a  wooden  frame  (Fig.  412) 

round  which  a  copper  wire  is  wound  a 

great  number  of  times ;  this  metallic  wire 

is   entirely   covered   with   an  insulating 

substance,  gutta-percha,  silk,  cotton,  &c., 

so  that  an  electric  current  entering  by 

one  of  the  extremities  of  the  wire,  and 

issuing  from  the  other,  cannot  pass  from  one  spiral  to  another  without 

having  traversed  the  whole  length:  in  a  word, it  is  obliged  to  pass 

through  all  the  successive  windings.     If  the  frame  is  placed  verti- 


Fio.  412.— Schweigger's  multiplier. 
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cally  on  one  of  its  sides,  in  the  plane  of  the  magnetic  meridian,  a 
if  a  magnetic  needle  is  placed  in  the  inside,  suspended  freely  on 
vertical  pivot,  a  good  instrument  will  be  obtained  for  showing, 
the  deviation  of  the  needle,  the  existence  of  an  electrical  currei 
however  slight  it  may  be.  To  effect  this,  it  is  sufficient  to  atta 
the  extremities  of  the  wii-e  of  the  multiplier  to  the  two  reophores 
the  pile  or  of  any  voltaic  circuit;  so  soon  as  the  circuit  is  cIos( 
the  presence  of  the  current  will  manifest  itself  by  a  greater  or  h 
deviation  of  the  needle. 

We  will  now  analyse  this  effect,  and  examine  how  the  action 
the  current  is  multiplied  by  the  arrangement  we  have  just  descrilx 
and,  for  this  purpose,  we  may  first  consider  one  of  the  circuits 
the  wire  wound  round  the  frame;  the  curreut  passes  from  M  to 
then  to  Q  and  P,  and  at  R  leaves  the  needla     Now,  if  we  compa 

it  with  Ampere's  statement,  we  shs 
see  that  each  of  the  four  portions  of  t 
current  tends  to  deviate  the  southe 
pule  from  a  to  a\  consequently  towar 
the  east,  or,  in  other  words,  to  the  fro 
of  the  figure  ;  each  of  them  acts  lil 

Fio.  413.— Concurrent  ai'tionn  of  the  dif-  .         i.i  i.  i     .l         i-i 

ferent  portions  of  the  wir«  in  the     an  msulateu  currcut,  or  better,  like  ] 

multiplier. 

indefinite  portion  of  the  current  ne 
the  needle.  The  total  deviation  will  be  then  stronger  tlian  if  ti 
current  only  followed  one  of  the  sides  of  the  rectangla  Now, 
the  following  winding,  the  current  acts  again  in  the  same  mannt 
and  it  is  the  same  for  all  the  successive  windings,  so  that  its  i 
fluence  on  the  magnetic  needle  is  multiplied  by  the  number  of  tl 
windings  of  the  wire.  Hence  the  name  of  multiplier  is  giv( 
to  the  instrument. 

The  magnetic  needle  is  in  this  experiment,  as  we  have  alreai 
stated,  submitted  to  two  forces ;  the  directive  action  of  the  ear 
in  virtue  of  which  it  places  itself  in  the  magnetic  meridian,  ai 
the  action  of  the  current  which  tends  to  cause  it  to  assume  a  po: 
tion  at  right  angles  to  the  first.  The  deviation  of  the  needle 
produced  by  the  resultant  of  these  two  actions.  To  increase  tl 
deviation,  and  to  give  a  greater  sensibility  to  the  multiplier.  Nob 
conceived  the  idea  of  substituting  for  the  magnetic  needle  a  sy^te 
of  two    parallel    magnetic   needles,   fixed    on   the   same   axis,    \\\\ 
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ttieir  poles  of  the  same  ncLine  placed  in  coDtrary  directions. 

suspension  being  by  a  silk   thread   without   torsion,  if   the 

have  the  same  oiaguetic   force,  their  system   will  be  astatic; 

is    to    say,   will    remain    in    equilibrium, 

whatever    may    be    its    angle   with    the 

meridian.     A  system  exactly  astatic  would 

not    fulfil    the    end   which    is    proposed, 

which  is  to  measure  the  intensity  of  the 

currents   by  the    deviation,   as    then    the 

deviation  would  always  attain  the  maxi-        '  "^ 

mum  of  90°,  whatever  t}ie  power  of  the      "■''"■  ^'^""^aTe.'!"'"'" 

current.     But  if  one   of  the  needles,  the 

lower   one    for   example,   is    a    little    more    magnetized    than 

upi»er   one,   the    system   will   continue    to    be    infiueuced    by 

earth ;    but   this    action    will    lie    very    feeble,   and    therefore 


The 
idles 
that 


action  of  the  currents  through  the  intervention  of  the  multiplier 
■will  be,  OB  the  contrary,  considerable.  Tlie  introduction  of  the 
compensated  needles  in  Schweigger'a  multiplier  led  Nobili  to 
the  construction  of  the  galvanomtfer  (Fig.  -llil),  the  most  delicate 
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-.   r.^r  ^.zz.i  ".':...].  -.L-*  i^.^'iZitr^i  wire  is  wonn'l, 

,  -r    i::-:  i:  i-^  z:-'.    .r.:_:.:  ir.v..  a  T^in-f:  of  inoli  a  na 
..    rr     l'   tI-t  .Ti'i :.:■.::.:.  •  :   ::,-  'Iiil    :vr:*rsf->r. Is  to  'rn 
;-:_zr^    :'  :'-■=:  L-brilr.     I:   L-^  i.-.-s"  .i^r.ifa  thai  the  roi 
-r  ^'^-  i-^  J  irAllrl  to  :}.•=:  iTT-j  T.^^l\r^  of  th^  system. 
^^  "-  ^  riTLLt'..-: I  •»:::.  I-:v-:Il:r. j  ^ ltv:'::^ ?.  T*",'  :ha:  it  can  \j^  t»L 
-. -r-*!;:  i"  •  a  ::Ii'^  =!:.'i>:  jrovr  :s  t:.-^  sTi.«j:-.>n'i:n^'  threa-l 
:r-ril-^  ::.-:::.«:Iv-r-    Aj^ir.*:   tl.rr    ajitati'-n  of  tlie  extfrior 
-.»-   -ir^'f  :r.  '  li-:-?  ;i  r-v-tiiij^ulir  i%v.rv  ilite.  wLi-h  has  two  I 
•—  1*.  i'  ^'i'  h  of  '.v!.:  L  t»:rm:na:«rs  the  extrvinitv  of  the  two  \i 

-  *  ■  ■  ■ 

ic  zi":Ir!:.'*:-r.  To  ih-:?f:  hutv.-tis,  or  biniin^  ^«?rews,  the  reoph 
,  -nnr  .'irT'rnr.  thf:  'lir-  *!'>n  an  J  ixiten?irv  nf  whkh  are  to  be  d» 
-a--*:'--  -—  ?.--:;»':h'.-l :  as  «H,n  ;i<  the  c-ireui:  is  closed,  and  tlie  cur 
v^'=r-  \\ouj  'h^f  rouM'is  of  wir*?,  th«  upj-.T  iie'^-lle  is  seen  to  de\ 
r^  :lr:  ri;.'ht  or  1*:1*  '..f  its  j- -si: ion  of  H^uihoriuiu ;  the  direo 
..c  zhU  d'vi^iti'jii  in-ii-.a!'::',  ?;•  cor* ling  to  Anip».-re'.s  kiw,  the  direc 
c-t  the  current. 

Th^:  iii*"!i-:*.v  of  tlie  ourr»;nt  is  mex^urril  hv  the  arc  wl 
either  of  the  ^rxrpriiii-.ie-s  of  the  needle  lias  travrr^eil,  starting  1 
the  zero  of  the  ;:ridiintion.  It  has  l>een  found  tliat,  if  the  dt^ 
tion  does  not  exce.-ii  2o\  it  is  ?*ensihly  jiMportional  to  the  inten 
of  the  current. 

We  have  just  seen  the  action  of  voltaic  currents  on  the  niagn 
ne»-dl^,  jiiirl  how  this  influence  has  been  utilized  in  constioictin^ 
apjiiifjitus  of  extrrMiie  delicairy,  to  .show  the  direction  and  intensity 
ciTtJiin  <;urreiit.  We  niav  now  state  that  magnets  exercise  oncurr 
an  a'-iion  equal  io  that  to  which  they  themselves  are  submitted, 
in  a  coiitmry  dirertion.  Thus,  when  a  strongly  magnetized  magn 
bar  A  15  iV'i'^.  41*)^  is  pla^-ed  in  a  horizontal  position  below  or  al 
a  metal  11*;  wire  rMnujiig  a  voltair  einuit.  and  free  to  turn  round 
jioints  of  susjM-ri.sioii,  tlir*  wire  is  8«ren  to  .set  itself  across  the  ma^iiei 
siuli  a  iiKiiiner  tlisit  the  soulli  ]v»le  r»f  the  bar  is  always  to  the  h-f 
the  current  whieli  is  nearest  to  it.     When  the  dirertion  of  the  curi 
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is  changed  by  the  reversal  of  the  reophores  which  terminate  the  two 
extremities  of  the  wire,  the  wire  immediately  makes  a  rotation 
of  180°  on  itself;  the  southern  pole  of  this  latter  is  still  to  the  left 
of  the  current,  according  to  Ampere's  law. 

We  have  now  arrived  at  Ampere's  beautiful  discovery  which 
immediately  followed  that  of  Oersted's  as  to  the  action  of  voltaic 
currents  on  each  other.  We  will  confine  ourselves  to  the  statement 
of  the  principal  laws  which  govern  the  reciprocal  influence  of 
currents,  laws  whose  experimental  verification  is  easy,  in  the 
numerous  particular  cases  which  they  comprehend.  Ampere  has 
demonstrated  that : — 


Fio.  416.— Action  of  a  iiirigitct  on  n  ciiru'Dt. 


RrjiuUionx 


AtirartiitHK. 


Fio.  417.-  I-iw  iif  Uie  nttrartion  and  n'l>ulaiua 
oiu  iMirrent  by  a  ruircnt. 


1st.  Tv:o  ^wrff//rZ  currnits,  irkich  paaH  in  the  name  dtrcvtion 
attract  each  other :  while  they  repel  each  other  if  they  ^;as5  in  a 
coTitrary  direction. 

2nd.  Tivo  ncH'imralkl  currents  attract  each  other,  if  at  the  same 
time  both  apin^oach  or  recede  from  the  apex  of  the  anyle  formed  by 
the  ends  j^'odiicrd ;  they  repel  each  other,  if  otic  of  the  cvnriits 
approaches  the  apex  of  the  angle,  whilst  the  other  recedes  from  it. 

Fig.  417  repi'csents  the  three  cases  of  attraction  and  two  cases 
of  repulsion  to  which  these  laws  refer.  Thus  tlu»n,  on  the  one  hand, 
electrical  cuiTents  act  on  magnets,  and  magnets  act  on  cuiTents: 
while,  on  the  other  hand,  currents  act  on  each  other.     Hence,  there  is 
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only  a  step  to  assimilate  magnets  with  currents ;  Ampere  has  inc 
cated  this,  and  has  brought  to  the  help  of  theory  the  control 
experiment  He  discovered  that  the  earth  itself  acts  on  the  current 
that  if  a  rectangular  instrument  similar  to  that  of  Fig.  416  is  Ic 
to  itself,  and  an  electrical  current  passed  through  it,  the  apparat 
turns  round  on  its  vertical  axis  and  places  itself  spontaneous 
across  the  magnetic  meridian ;  the  ascending  portion  of  the  curre 
is  carried  to  the  west  and  the  descending  portion  to  the  ea^ 
M.  Pouillet,  by  some  clever  arrangements,  has  shown  that  an  ins 
lated  vertical  current,  moveable  round  an  axis  which  is  parallel 
it,  is  transported  of  itself  to  the  magnetic  west  or  east,  according 
it  is  ascending  or  descending,  whilst  the  action  of  the  earth  on  tl 
horizontal  branches  of  Ampere's  apparatus  is  nil.  To  determine  tl 
nature  of  tliese  facts  Ampere  constructed  a  static  apparatus, — that 
to  say,  a  magnetic  system  indifferent  to  the  action  of  the  terrestri 
globe;  then  causing  a  fixed  current  to  act  on  it,  placed  horizo 
tally  in  a  direction  perpendicular  to  the  magnetic  meridian,  fro 
■east  to  west,  he  saw  that  the  action  of  this  current  was  precise 
the  same  as  the  action  of  the  earth.  He  concluded  that  the  magnet 
action  of  the  earth  on  the  magnetic  needle  is  due  to  electric 
<5urrcnts  which  continually  circulate  perpendicularly  to  the  magnet 
meridian,  their  direction  being  from  east  to  west.  These  vario 
^currents,  whatever  may  be  their  number,  may  be  considered  as  coi 
posing  a  single  current ;  and  experiment  shows  that,  in  our  latitudi 
its  position  is  situated  towards  the  soutL 

Pursuing  these  beautiful  generalizations,  Ampere  showed  that 
magnet  may  be  assimilated  to  an  assemblage  of  circular  verticcd  ai 
parallel  currents  passing  in  the  same  direction.  An  assemblage 
such  currents  indeed — experiment  will  show  us — when  freely  sr 
pended  so  as  to  be  able  to  turn  in  a  horizontal  plane,  places  itself,  wh 
submitted  to  the  action  of  the  earth,  in  the  magnetic  meridian ; 
fact,  it  behaves  exactly  like  a  magnetic  needle.  Ampere  construct 
a  helix  or  electrical  magnet  in  this  way : — He  took  a  metallic  w: 
and  rolled  it  round  a  cylinder  in  equidistant  coils,  giving  it  the  foi 
represented  in  Fig.  418  ;  he  then  brought  the  two  extremities  of  t 
wires  longitudinally  above  the  coils,  and  curv^ed  them  in  such  a  w 
that  the  whole  could  freely  turn  round  a  vertical  axis  ;  next,  he  i 
tached  the  two  ends  of  the  wire  to  the  reophores  of  a  pile.    When  t 
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current  passes  in  the  direction  marked  by  the  arrows,  the  solenoid — 
the  name  given  to  the  apparatus  by  Ampere — places  itself  in  a  position 
of  stable  equilibrium  ;  each  coil  is  in  a  vertical  plane,  its  direction 
being  from  magnetic  east  to  west ;  tlie  axis  of  the  solenoid  coincides 
then  with  the  magnetic  meridian,  exactly  like  a  magnetic  needle.  If 
the  direction  of  the  current  is  changed,  the  solenoid  is  seen  to  be  dis- 
placed ;  and  after  having  moved  through  180°,  it  places  itself  in  its 
original  position,  its  longitudinal  axis  being  always  in  the  magnetic 
meridian,  but  it  is  turned  about.  Lastly,  an  element  of  the  solenoid, 
suspended  so  that  it  is  able  to  turn  freely  round  an  axis  perpendicular 


West. 


V 


North. 


.^' 


.^ 


.— — -,  Kiu*t . 


•wS<mtIi. 
Fio.  418. —  Direction  of  a  Kolenoid  in  the  meridian,  under  the  action  nf  Ww  eurth. 


to  the  magnetic  meridian,  assumes  an  inclination  which  is  precisely 
equal  to  that  of  the  magnetic  needle. 

Thus,  ordinary  magnets,  and  solenoids  or  electrical  magnets,  con- 
duct themselves  in  the  same  manner  when  under  the  influence  of  the 
magnetic  action  of  the  earth.  But  the  analogy  has  been  pushed 
further ;  Ampfere  has  shown  that  the  extremities  or  poles  of  two  sole- 
noids exercise  on  each  other  attractions  and  repulsions  of  the  same 
nature  as  the  attractions  and  repulsions  of  the  poles  of  magnets  ; 
poles  of  the  same  name  of  solenoids  repel  each  other ;  while  poles  of 
contrary  names  attract  each  other.  Lastly,  the  same  actions  manifest 
themselves,  if  the  pole  of  a  solenoid  is  presented  to  one  or  other  of  the 
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two  poles  of  a  mngnetic  nepdle.  The  similarity  is  complete,  an 
Ampere  was  able  to  form  his  theory  of  magnetism  in  all  its  exEictnes 
a  theory  whieh  as3imilat«8  magnetic  phenomena  with  dynami 
electrical  phenomena.  The  following  is  a  brief  rfynvid  of  th: 
boaiitiful  theory : — 

The  terrestrial  globe  is  continually  traversed  by  nnmerous  electricf 
currents,  induced  perhaps  by  chemical  action.  These  various  current 
■with  directions  and  intensities  probably  different  and  variable,  prt 
duce  on  magnets  the  same  effect  as  a  single  current,  resulting  froi 
the  composition  of  the  elementary  currents,  circulating  from  east  t 
west,  in  a  direction  contrary  to  the  earth's  movement  of  rotation.  ^ 
magnetic  suhstance,  iron,  steel,  Ac,  also  becomes  the  seat  of  elemer 
tary  electrical  currents  circulating  round  certain  groups  of  atom; 
In  soft  iron,  and  in  magnetic  bodies  which  are  not  endowed  wit 
polar  magnetism,  these  currents  move  in  alt  directions,  so  that  th 
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resulting  effect  is  nil.  In  mt^ets,  on  the  contrary,  the  particula 
currents  have  all  the  same  direction ;  for  example,  they  circulate  a 
the  arrows  indicate  in  Fig.  419,  in  which  is  shown  a  transverse  sectio 
of  a  magnetic  bar.  In  the  neighbouring  or  contiguous  portions  i 
5,  5',  a,  a',  &c.,  the  currents  are  of  contrary  directions,  and  are  d£ 
stroyed;  so  that  the  total  effect  is  reduced  to  the  exterior  effect  wliic 
leads  via  to  consider  the  contour  of  each  edge  as  being  traversed  by 
single  current.  The  same  effect  will  Inke  place  in  all  the  sectioni 
and  the  magnet  will  be  constituted  as  indicated  in  Fig.  420. 

We  therefore  see  that,  according  to  Ampere's  theory,  every  magne 
may  be  considered  an  equivalent  to  a  solenoid. 

In  regard  to  magnetic  substances,  such  as  soft  iron,  the  vicinity  o 
a  magnet  causes  tiicm  to  momentarily  acquire  j>oIiir  magnetism,  by  th 
same  action  that  tlic  currents  of  solenoids  exercise  ou  the  currents  o 
wliicli  they  tlieniselves  are  a  part.  This  influence  modifies  the  direc 
tion  of  these  elementarj'  currents,  and  makes  Wmx  resultant  no  longe 
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nil ;  thus  is  produced  induced  maguetisra.  We  shall  find,  moreover, 
that  permanent  magnetism  is  perfectly  explained  hy  Ampere's  theory'; 
hut  in  this  case,  experiments  must  instruct  us,  and  will  reveal  to  us 
phenomena  of  the  greatest  interest. 

In  September  1820,  Arago,  a  short  time  after  Oersted's  and 
Ampere's  discoveries,  made  the  following  ex])eriments  : — He  inserted 
into  a  mass  of  iron  filings  a  copper  wire  which  united  the  two  poles 
of  a  pile  ;  on  drawing  out  the  wire  without  interrupting  the  current,  he 
saw  its  surface  covered  with  particles  of  iron  filings,  arranged  tmns- 
versely  ;  as  soon  as  the  current  was  inteiTupted,  the  particles  detached 
themselves  from  the  copper  and  fell.  To  assure  himself  that  this  was 
temporary  magnetism,  not  the  attraction  of  an  electrified  body  for 
light  bodies,  he  substitut^id  for  the  irrm  filings  a  non-magnetic  sub- 
stance, and  the  phenomenon  did  not  take  place.     On  placing  needles 


Fio.  421.— Magnetizatiuu  of  a  stocl  ueedlo  by  &  solenoid  :  dcxtntr^al  oiid  Kinistrorsol  H]>iralK. 


of  soft  iron,  and  then  of  tempered  steel,  very  near  the  copper  wire,  he 
noticed  that  the  action  of  the  cun-ent  transformed  them  into  magnetic 
needles,  having  their  southern  pole  always  to  the  left  of  the  current ; 
this  result  agreed  with  the  then  recent  experiments  of  Oersted.  Soon 
after,  Arago  and  Am])ere  noticed  that  the  magnetism  of  soft  iron,  or 
that  of  steel,  was  developed  with  much  greater  intensity  by  placing 
the  needle  in  the  interior  of  an  electrical  helix.  The  reophore  wire 
of  a  pile  was  coiled  round  a  glass  tube ;  then,  having  placed  in  the 
axis  of  the  latter  the  needle  to  be  magnetized,  they  passed  the  current 
through  the  wire :  magnetization  was  immediately  produced,  hut,  as 
might  have  been  expected,  it  was  temporary  in  soft  iron,  and 
pennanent  in  steel. 

Glancing  at  Fig.  421,  we  see  that  there  are  two  ways  of  coiling 
the  wire  round  the  tube.     Su])posing  the  tube  to  be  horizontal,  the 
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wire  can  be  coiled  from  right  to  left,  each  round  being  coiled  from  to 
to  bottom  on  the  side  of  the  tube  turned  towards  the  operator ;  this  i 
the  dextrorsal  solenoid  :  or,  again,  the  wire  may  be  coiled  in  the  sam 
way,  but  passing  from  left  to  right ;  this  is  the  sinistrorsal  solenoic 
If  tlie  current  traverses  the  coils  of  the  spiral  from  left  to  right,  a 
indicated  by  the  arrows,  the  magnetization  will  give  a  southern  pol 
as  to  the  needle,  to  the  left  in  the  dextrorsal  spiral;  the  southen 
pole  will,  on  the  contrary,  be  to  the  right  in  the  needle  of  th 
sinistrorsal  spiral. 

In  both  cases,  the  southern  pole  is  always  to  the  left  of  the  curreni 
acconling  to  Ampere's  law. 

By  this  process  of  magnetization,  so  simple  and  wonderfu 
secondary  poles  can  be  produced  at  will  on  bars  to  be  magnetizec 
which  are  called,  as  we  have  l)efore  seen,  consequent  points.  T 
effect  this  it  is  sufficient,  after  having  coiled  the  wire  in  one  directio 
round  the  tube,  to  coil  it  in  the  opposite  direction  at  each  of  th 
points  when  we   desire   to  produce  a  secondary  pole.      The  whol 
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spiral  is  thus  formed  of  a  dextrorsal  spiral,  followed  by  a  sinistrors« 
spiral,  and  so  on  (Fig.  422). 

We  have  mentioned  that  soft  iron,  surrounded  by  a  magnetize 
spiral,  assumes  temporary  magnetism.  The  magnetic  force  thus  de 
veloped  is  more  powerful  according  as  the  iron  is  more  homogeneou 
and  pure,  and  as  the  number  of  the  coils  of  the  spiral  is  greater.  T 
realize  this  last  condition,  the  metallic  wire  is  surrounded  by  a 
insulating  envelope,  as  in  Schweigger's  multiplier  for  example,  by 
silk  thread :  it  is  then  coiled  round  a  piece  of  soft  iron,  drawin 
the  coils  as  close  as  possible,  in  order  to  get  a  great  number  c 
rounds.  It  then  becomes  what  is  called  an  electro-magnet;  that  i 
to  say,  a  magnet  whose  magnetic  power  subsists  during  the  passng 
of  the  current  of  the  pile,  and  ceases  when  the  current  is  discon 
tinned.  The  form  of  a  cylinder,  bent  like  a  horse-shoe,  is  usual! 
given  to  electro-magnets,  each  bnmch  of  which  is  covered  with 
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portion  of  wire  (Fig.  423).  The  spirals  liere  appear  coiled  in 
an  opposite  direction,  but  the  direction  of  the  coiling  is  in 
n'ality  the  same  in  both  branches,  if  we  supi>o8e  the  cylinder  of 


A 


soft  iron  straightened.  We  Iiavc  then,  at  the  two  extremities,  as 
soon  as  the  current  pases,  two  poles  of  contrary  names.  Electro- 
magnets are  also  made  with  two  parallel  iron  cylinders  of  soft 
iron,  united  on  one  side  by  iin   iron  plate,  and  on  the  other  by  a 


copper  plate  (Fig.  424).  The  power  of  an  eloctro-magnet  depends 
not  only  on  the  number  of  coils  of  the  conductiTig  wire  of  the 
current,  but  also  on  the  intensity  of  the  latter,  and  the  dimensions 
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of  the  aoft  iron  which  fonns  it.  The  electro-magnet  conatructf 
by  M.  Potiillet  for  the  Facult-i  ties  Sciences  of  Pans,  is  capab! 
of  supporting  a  weight  of  several  thousand  kil(^ranimes. 

Many  curions  experiments  can  be  made  with  electro-magnetf 
we  may,  for  example,  form  a  magnetic  chain,  by  ])lacing  a  heap  i 
magnetic  substances,  iron  filings,  nails,  &c.  below  the  poles.  As  soo 
as  the  current  passes,  the  little  bodies  are  attracted  by  the  pole 
which  magnetize  them  by  induction,  and  then  get  mixed  togethe 
as  seen  in  Fig.  426.  As  soon  as  the  circuit  is  broken,  all  the  fraj 
ments  of  the  chain  fall  simullaaeously. 


The  promptitude  with  which  soft  iron  is  magnetized  under  tl 
influence  of  electricity,  and  loses  its  magnetism  as  soon  as  the  curre 
ceases,  has  brought  to  light  numerous  and  important  applications 

the  electro-magnet.  We  shall  see,  moreover,  that  this  property  h 
been  utilized  in  the  construction  of  motive  machines, — not  ve 
powerful,  it  is  tnie,  but  valuable  for  work  wbicli  requires  pvecisi 
and  regularity.  In  the  electric  telegraph  especially,  tlie  electro-ina"i 
acts  this  important  part,  proving  how  well  s]>ecul(itions  of  the  nn 
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profound  theories  lead  to  practical  applications  of  the  highest  social 
utility.  Hereafter  we  shall  do  justice  to  the  inventors  of  the  system 
which  have  effected  this  almost  instantaneous  mode  of  communica- 
tion of  thought ;  but  the  names  of  Volta,  Ampi^re,  Oersted,  and  Arago 
must  be  held  up  to  the  gaze  of  the  civilized  world ;  for  it  is  these 
celebrated  men  who  discovered  the  principles  which  have  rendered 
this  wonderfid  invention  possible. 
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CHAPTER  VI. 


IMIENOMENA  OF   INDUCTION. 


Discovery  of  indaction  by  Faraday. — Induction  by  a  current ;  inducing  coil  a 
induced  coiL — Induction  by  a  magnet — Machines  founded  on  the  production 
induced  currents. — Clarke's  machine, — Ruhmkorff's  machine. — Ck>nimutator. 
Effects  of  the  induction  coil. 


TjlARADAY,  one  of  the  greatest  physicists  of  our  centur}% 
-^  November  1831  discovered  a  remarkable  fact  connected  wi 
the  electric  current ;  he  found  that  when  a  current  passes  through 
metallic  wire,  it  produces  in  a  second  wire,  placed  parallel  to  tl 
first,  and  separated  from  it  by  an  insulating  body,  a  current  whi< 
flows  in  a  contrary  direction  to  the  first  current  The  existence 
tlie  current  thus  developed  by  the  influence  of  induction  can  be  prov< 
by  the  spontaneous  deviation  undergone  by  the  needle  of  a  galvan 
meter  with  which  the  wire  communicates.  The  second  currei 
quickly  ceases,  although  the  first  current  continues  to  circulate  i 
the  principal  wire ;  but  if  the  latter  is  broken,  another  instantaneoi 
current  is  produced  in  a  contrary  direction  in  the  parallel  wii 
and  again  ceases  immediately.  The  original  current  is  called  tl 
inducing  current ;  the  current  produced  when  this  latter  commence 
is  the  inverse  induced  airrent ;  and,  lastly,  the  current  which  is  di 
veloped  when  the  induction  current  is  stopped,  is  called  the  dire 
induced  current 

Magnets,  as  well  as  voltaic  currents,  produce  induction  currents 
and  the  same  thing  occurs  with  static  electrical  discharges,  as  X 
Masson  proved  in  1834. 

To  obtain  powerful  induced  currents  a  considerable  length  mui 
l>e  given  to  the  parallel  wires.     Tlie  inconvenience  which  results  froi 
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this  is  avoided  by  winding  each  of  the  wires  covered  with  silk  round 
a  hollow  cylinder  of  cardboard  or  wood.  This  is  called  a  coil.  The 
two  extremities  of  each  wire  are  terminated  by  two  metallic  but- 
tons, or  binding  screws,  fixed  on  one  of  the  bases  of  the  cylinder : 
these  are  for  tlie  purpose  of  placing  the  coil  in  communication 
either  with  the  two  reophores  of  a  pile,  or  with  a  galvanometer. 
If  we  take  two  coils,  one  of  greater  diameter  than  the  other,  so 
that  the  smaller  can  pass  within  the  cylindrical  cavity  of  the 
larger  one,  and  place  the  lai^er,  or  induced,  or  secondar;/  coil  in 
communication  with  a  galvanometer,  and  the  other,  the  iTtducing  coil, 
into  the  first ;  and  if  now  the  latter  is  placed  in  communication  with 
the  poles  of  a  Bunsen  element,  we  observe  that,  so  soon  as  the  current 
is  closed,  the  needle  of  the  galvanometer  is  deviated,  because  au  inverse 


induced  current  has  traversed  the  wire  of  the  first  coil ;  but  the 
needle  soon  returns  to  zero  after  slight  oscillations,  and  remains  there 
80  long  as  the  current  passes.  If  the  induction  circuit  is  now  broken, 
the  needle  deviates  in  a  reverse  direction,  consequently  indicating 
the  presence  of  a  direct  induced  current  Then  it  again  returns  to 
zero  and  stops  there  until  the  current  is  broken.  The  same  experi- 
ment may  be  made  in  another  manner. 

Let  us  suppose  two  copper  wires  wound  on  the  same  coil, 
well  insulated  from  each  other  by  the  silk  with  which  they  ai-e 
covered  (Fig.  427) :  the  one  communicates  by  its  extremities  with 
a  galvanometer  o ;  the  other  with  the  element  P  of  a  Bunsen  battery. 
The  current  which  traverses  the  coil  can  be  interrupted  or  established 
at  will  by  raising  portions  of  the  wire  which  are  immersed  in  the 
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Teasels  g  and  g',  filled  with  mercury.  Now,  it  is  easy  to  prove, 
by  observiDg  the  direction  of  the  deflection  of  the  galvanometer, 
the  presence  of  induced  currents,  direct  and  inverse  at  the  moment 
when  the  inducing  current  commences  and  ends. 

The  first  experiment  proves  that  every  voltaic  current  develops, 
at  the  moment  of  its  commencement,  an  inverse  current  in  the  wire 
near  to  it ;  and  at  the  moment  when  it  ends  a  direct  current ;  so  that 
its  inducing  action  is  nil  during  the  whole  time  the  induction  current 
is  passing. 

Let  the  induction  coil  be  in  connection  with  the  pile,  And  the 
circuit  closed  before  the  two  coils  are  brought  together,  as  in  Fig.  428  ; 
if  now  the  inducing  and  induced  coils  are  quickly  brought  near  each 


other,  an  inverse  current  is  produced  in  the  latter,  as  the  deflection  of 
the  galvanometer  needle  indicates.  This  current  quickly  ceases ;  but 
if  then  the  induction  coil  is  removed,  a  direct  induced  current  is 
developed,  and  ceases  immediately  like  the  first  In  a  word,  every- 
thing occurs  as  iu  tlie  first  experiment. 

If  the  intensity  of  the  inducing  current  is  increased  in  the 
inter\'al  which  separates  the  production  of  the  two  opposite  induced 
currents,  at  the  moment  when  this  increase  takes  place  the  needle 
of  the  galvanomt'tei',  which  had  returned  to  zero,  is  deflected, 
and  indicat^'3  the  presence  of  an  inverse  inihiced  current.  If  the 
intensity  of  the  current,  on  the  contmiy,  diminishes,  it  produces  a 
direct  current  in  the  induced  coil. 
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The  phenomena  of  induction  by  a  curtent  may  be  summed  up  in 
the  following  statements  : — 

A  voltaic  current  develops,  by  influence  or  induction,  in  a  neigh- 
bouring coaducting  wire,  a  current  of  opposite  direction  to  its  own, 
that  is  to  say  an  inverse  induced  current,  whenever — 

Ist.  It  commences ; 

2nd.  It  approaches; 

3rd.  It  increases  in  intensity. 

The  same  current  produces  a  direct  induced  current,  of  the  same 
direction  with  its  own,  wlienever — 

1st.  It  finishes ; 

2nd.  It  recedes; 

3rd.  It  diminishes  in  intensity. 

We  shall  now  see  that  the  sume  phenomena  are  produced  with 
magnetic  currents,  that  is  to  say  witli  magnete,  and  Ampere's  theory 
thus  received  from  Faraday's  experimeut^  a  fresh  confirmation. 

Let  us  again  take  a  coil,  having  its  extremities  in  communication 
with  a  galvanometer,  and  let  us  place  a  magnet  in  the  axis  of  the 
cylinder  and  tjuickly  approach  one  of  its 
poles  to  the  coil :  the  needle  of  the  gal- 
vanometer is  immediately  deflected  and 
then  it  returns  to  zero.  The  direction  of 
the  deviation  indicates  a  current  ojvposite  to 
tliat  which,  according  to  Ampere's  theory, 
represents  the  action  of  the  adjacent  pole  of  ^^^^^^ 

the  coil ;  moreover,  the  induced  current  soon  ^^^^^^  \  \ 

ceases,  and  nothing  more  is  manifested  so 
long  as  the  magnet  remains  present  (Fig. 
429).  If  it  is  removed  suddenly,  however,  '^--'-f-f 
the  needle  of  the  galvanometer  is  deflected 
in  a  contrary  direction,  and  then  returns  to 
zero  after  a  few  oscillations ;  it  has  thus  showed  the  presence  of  a 
direct  induced  cuiTent. 

Before  approaching  the  magnet  lot  us  suppose  that  a  cylinder 
of  soft  iron  has  been  introduced  into  llie  coil  (F'ig.  430),  If  now  one 
of  the  poles  of  the  magnet  is  brought  near,  in  tlie  direction  of  the 
axis  of  the  cylinder,  induction  mid  the  pi-oduction  of  an  iiiviii-se 
current  will  take  place  for  two  reason-s :    first,  the  presence  of  the 
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msgnet  suffices  to  produce  the  induced  currentj  secondly,  the  so 
iron  is  itself  mftgnetized  by  induction,  and  reacts  on  the  coil.  Th 
is  proved  by  the  fact  that  the  deviation  of  the  needle  of  the  galvam 
meter  is  stronger  than  in  the  preceding  experiment.  The  san 
remark  applies  to  the  direct  induced  current,  which  the  rapi 
removal  of  the  magnet  develops  in  the  coiL  Lastly,  if  the  distant 
of  the  magnet  from  the  soft  iron  ia  varied,  the  magnetism  of  this  latt) 
increases  or  diminishes,  and  the  presence  of  contiaiy  induced  curren' 
is  proved  under  both  conditions.  To  sum  up,  an  inverse  current  < 
electricity  is  induced  in  a  conducting  wire  by  a  magnet,  whenever— 

1st.  The  magnetic  pole  is  approached; 

2nd.  It  comes  in  contact ; 


^r<L  Its  intensity  is  increased. 

On  the  other  hand,  a  direct  induced  current  is  produce 
whenever — 

1st  The  magnetic  pole  is  taken  away ; 

2nd.  It  is  detached; 

3rd.  Its  intensity  diminishes. 

The  magnetic  power  of  the  terrestrial  globe,  like  a  magne 
develops  induction  currents,  and  the  same  thing  occurs  in  tl 
case  of  static  electrical  discharges. 


Induced  currents  are  distinguislied  from  ordinary   currents  pr( 
duced  by  a  single  pile  by  their  tension,  which  is  much  more  conside 
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able  than  that  uf  tl^  inducing  current  They  have  been  utilized  in 
the  couBtructioH  of  electra-niotivu  apparatus  <if  j;reat  power.  We 
may  mention  Clarke's  machine  and  the  coil,  tlie  iuvention  of  which 
is  due  to  M.  Masson,  but  which,  having  received  important  addi- 
tions from  M.  KiihnikorfT,  now  t>ears  the  uanie  of  that  cclebratt:d 
iiistrumebt  maker. 

Clarke's  machine  is  represented  in  Fig.  4^11 ;  it  consists  of  a 
powerful  magnet,  ab,  composed  of  several  plates  in  the  form  of  a 


liorse-slioe  solidly  fixed  to  a  vertical  piece  of  wood,  in  such  a  manner 
that  its  two  poles  are  brought  op|msite  to  two  coils,  each  fiiniislieil 
with  a  cylinder  of  soft  ii-on. 

The  two  soft-iron  cores  are  connected  on  the  mV'.  of  tlie  magnet 
by  a  copper  plate,  and  on  the  opposite  side  by  an  iron  plate,  1 1 ;  the 
two  coils  thus  arranged  constitute  in  fact  an  electro-magnet.  They 
are  arranged  so  an  to  revolve  round  a  horizontal  axis,  /,  which  passes 
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and  the  reverse  of  this  happens  when  this  latter  contact  tak( 
place — the  point  no  longer  touches  the  mercury.  Let  us  sta 
from  the  first  position  and  notice  what  happens  in  the  apparatu 
The  current  of  the  pile  then  passes  through  the  column  whic 
carries  tlie  glass  filled  with  mercury,  follows  the  liquid,  the  poii 
in  contact  with  it,  and  the  branch  L  of  the  lever  descends  along  tl 
column  which  supports  it,  and  by  means  of  a  metallic  band  ente 
the  wire  f  of  the  induction  coiL  The  current  then  passes  throug 
the  induction  coil,  returns  by  /  and  passes  to  the  other  reophoi 
of  the  pile ;  thus  the  contact  of  the  point  with  the  mercury  allov 
tlie  induction  current  to  pass.  But  directly  this  current  ente 
the  coil,  the  bundle  of  soft  iron  is  magnetized,  attracts  the  sma 
mass  of  the  lever,  whence  results  the  raising  up  of  the  branc 
carryin<(  the  point ;  this  leaves  the  surface  of  the  mercury,  and  tl 
current  is  broken.  Then  the  magnetism  of  the  bundle  ceases,  tl 
contact  of  the  piece  of  soft  iron  no  longer  exists;  and  the  poii 
again  touches  the  mercury.  The  same  phenomena  are  produced  i 
the  same  manner,  as  long  as  the  induction  coil  is  in  communicatic 
with  the  pile.  The  mercury  contact-breaker  which  we  have  ju 
described  was  invented  by  M.  L^on  Foucault.  Other  contac 
breakers  produce  the  same  effect  by  means  of  a  spring. 

We  have  said  nothing  at  present  about  the  commutator,  c,  tl 
object  of  which  is  either  to  change  the  direction  of  the  inducti( 
current,  or  to  interrupt  it.  Ruhmkorff's  commutator  (Fig.  43: 
fulfils  both  functions  at  will :  it  is  both  rheotome  (interrupter 
the  current)  and  rJuotrope  (inverter  of  the  current).  It  consis 
of  a  cylinder  of  wood  or  glass,  the  convex  surface  of  which  is  part 
covered  with  two  copper  plates,  c  c',  thick  in  the  middle  and  thinn 
at  the  edges.  These  plates  have  intervening  between  them  two  pc 
tions  of  the  surface  of  the  insulating  cylinder  ;  on  each  side  t^ 
springs,  /  /',  press  laterally  against  the  cylinder,  when  it  is  t\im( 
so  as  to  bring  the  thickness  of  the  copper  plates  in  contact  wi 
the  springs.  If,  by  the  use  of  a  milled-head  or  a  handle  with  whi( 
its  axis  is  furnished,  the  cylinder  is  turned  through  90  degrees,  tl 
plates  of  the  springs  are  opposite  the  glass  or  wood,  which  they  ne< 
not  necessarily  touch.  In  the  first  position,  the  current  passes  ;  in  t 
second,  it  is  interrupted.  Indeed,  the  current  reaches  the  pile  wi 
the  binding  screw  a  ;  thence,  by  the  spring  /,  it  passes  to  the  copf 


OBAP.  Vl] 


PUBNOMBNA  OF  INOVCTIOK. 


629 


plate  c.  Tliis  commtinicates  by  a  screw  g  with  one  of  the  pivots  of 
tlie  cylinder,  then  with  the  button  D,  and  traverses  the  circuit,  one 
of  the  ends  of  which  is  fixed  to  tliis  latter  point.  It  returns  by  tlie 
other  extremity  to  the  button  d'  to  the  second  pivot  of  the  cylinder, 
and  by  the  screw  ^  to  the  plate  c',  and  lastly,  by  the  spring  /',  to 
the  binding  screw  a',  whence  it  returns  to  the  pile.  When  the 
springs  ff  no  longer  touch  the  plates  c  c',  the  current  can  no  longer 
pass.     Tliis  apparatus  is  then  a  good  interrupter  or  rheotonie. 

But    when   the   current   passes   as   we   have  just  stated,  It   is 
sufficient  to  turn  the  button  tliroiigh  180",  to  change  its  direction. 
For   then,   the   pkte   c'   touches    the 
spring  /,  and  the  current  passes  fnun 
I)'  to  n,  instead  of  going  from  D  to  n'. 
Thus  the  little  apparatus  of  Ituhnikorff 
is  also  a  comm%ttator,  that  is  to  say,  an 
inverter  of  the  current,  or  rheotnytc.    It 
forms  part  of  the  induction  coil ;   but   . 
it  is  clear  that  it  can  be  used  wIk'h- 
ever  we  require  to  change  the  direction 
of  a  current. 


When  Euhmlinrfrs  coil  is  at  work, 
if  the  two  extremities  of  the  wire  of 
the  induced  or  secondiiry  coil  are 
brought  sufficiently  near,  a  series  of 
sparks  succeed  each  other  with  such 
rapidity  that  the  line  of  light  appears 
continuous.  It  is  remarkable  that,  of 
the  two  induced  currents  opposite  in 
direction  which  are  generated  by  sue-  ■"■"'""«    ' «"  ""i  -"'"lun- 

cessive  interruptions  of  the  inducing  current,  the  direct  current 
alone  produces  sparks ;  the  tension  of  the  inverse  current  is  not 
safficiently  strong  to  allow  it  to  traverse  tlie  air. 

With  the  first  coils,  the  length  of  the  sparks  attained  a  maxi- 
mnm  of  8  millimetres.  Hy  degrees,  imprtivemcnts— among  which 
we  must  point  out  that  of  SI.  Fizeau,  which  consists  in  interposing 
a  condenser,  a  Leyden  jar  for  example,  in  the  circuit — have  led  to 
the  production  of  spaiks  from  10  to  20  and  30  tuntimetres.     liy 
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increasing  the  length  of  wire  of  the  induction  coil  to  100,000  metrei 
M.  BuhmkorfT  was  able  to  obtain  sparks  of  50  centimetres  in  length 
blocks  of  glass  one  decimetre  in  thickness  have  been  pierced  throng 
and  through  by  the  discharge.  The  physical  efifects  obtained  wit 
this  powerful  machine  are  extremely  remarkable :  we  may  employ  i 
to  charge  Leyden  jars  and  electrical  batteries.  It  is  thus  that  i! 
Jamin,  having  charged  a  battery  of  120  Leyden  jars  with  fo\] 
coupled  coils,  each  furnished  with  two  of  Bunsen's  elements,  wa 
able  to  melt  and  volatilize  iron,  silver  and  copper  wires,  more  tha 
a  metre  in  length. 
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CHAPTER    VII. 

TIIK     KLECTUIC     LKiHT. 

Sparks  obtained  by  static  electrical  discharges  ;  luminous  tufts. — Light  in  rarefied 
gases. — Voltaic  arc ;  phenomena  of  transport ;  form  of  the  carbon  points. — 
Intensity  of  the  electric  light. — Electric  light  of  induction  currents. — Stratifica- 
tions ;  experiments  with  Geissler's  tubes.  —  Phosphorescence  of  sulphate  of 
quinine. 

"DETWEEN  the  feeble  sparks  seen  in  tlie  darkness,  when  the  linger 
^^  is  brought  near  a  rod  of  resin  which  has  been  rubbed  with  a 
pece  of  cloth,  and  the  long  and  brigbt  flashes  of  fire  which  are  emitted 
by  the  conductors  of  powerful  batteries,  or  by  the  dazzling  light  of 
the  voltaic  arc,  there  is  indeed  a  difference :  it  is,  nevertheless,  the 
same  phenomenon.  It  is  also  the  same  light  which  appears  with 
greater  beauty  and  grandeur  in  thunderstorms. 

Let  us  inquire  into  the  circumstances  under  which  this  light  is 
produced.  We  have  seen  that,  whenever  two  bodies  charged  with 
opposite  electricities,  at  a  sufficiently  great  tension,  are  near  together, 
with  a  non-conducting  interval, — that  is,  when  a  resisting  medium  is 
interposed  between  the  two  bodies, — a  spark  passes.  Tlie  tendency 
which  contrary  electricities  possess  to  unite  and  constitute  a  neuti-al 
electricity,  when  they  find  themselves  prevented  by  the  resistance 
of  a  non-conducting  medium,  leads  to  this  transformation  of  the 
forces,  a  transformation  of  electricity  into  light  and  heat.  Hence 
the  spark  in  all  its  forms. 

These  varied  appearances  we  shall  now  review,  both  in  the  case 
of  the  discharges  of  static  electricity,  of  electricity  at  high  tension, 
and  in  dynamic  electrical  currents,  which  the  voltaic  pile  and  induc- 
tion apparatus  have  developed  to  so  high  a  degree  of  power. 

With  ordinary  electrical  machines  of  large  dimensions  remarkable 
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.-..«  iiri  i,-;Kvtfi  may  luf  iir'^inc-'I.  For  this  purprise  k  metallic  plat 
..  Mir.i-titl  wliirli  in  IihM  in  tli«t  liHnd  \>\  an  iiisulatinj;  handle,  and  i 
^..•1tl  \-\  niKittiH  of  a  m':tit'lin  chain  to  ifai-  frictiim  cushions. 

':>  t>i'in;;in;>  ihf;  'A-^i-  ol*  the  jiliite  of  tlte  cuiiductor  of  tlie  tntcbiD 
>'  .iitl'cn'iit.  dintaii'T^a,  tht'  --[Hirk  will  at  tint  Iw  seen  under  the  fon 
'•  t  nrliliiii-iir  lin'-  of  l>;.'lit,  of  a  dazzling  whiteness  and  bf^fatnea 
li  ihi'  tfinHion  nl'  tlif:  i.'indii'rtor  is  imrreaM^  by  turning  the  handle  c 
ilii<  tiiiir)iin<!  with'Mit  iiitt;rriipiii>i],  the  sjiark))  »U'xeed  each  other  wii 
«k>  niiii-li  nijiiility  tiMt  the  line  of  li;jht  a[>|>«arsciintinuouB.  The  Hpark 
'^I't  llijnntrr  at  llj<.-ir  centre,  in  projxirtion  as  the  distance  of  the  tw 
coiiiliiciiii-^  ho'lieis  ineivaw'T'.  and  thu  rapidity  of  their  i 
iliiiiini.-'l]( -i ;  iIk-m  lln-ir  rvetilint-ar  fonu  -jives  |jlai-e  to  lin 


less  /-igzu<^,  or  serpent-likt-  in  form,  ntt  if  the  resistance  which  the  flax 
of  the  electricity  iinder<!oe8  in  its  jmssa^e  was  unequally  distributed. 
]Se»ides  the  princijinl  lino  of  light,  we  ittTceive,  when  the  dil 
tiiiice  ))ei;otnefl  still  gn^ttcr,  Iiiininoiis  bmnclies  which  issue  on  a 
uiden,  and  give  to  the  sparks  the  forms  represented  in  the  dr&winc 
of  Fig.  4:(5.  These  long  branch  sparks  are  evidently  the  form  < 
tninxition  Imtwecn  the  rectilinear  sjmrk  and  tlielnmiuouBbrusheB.  T 
ohtiiiii  this  last  form  of  electrical  light  produced  from  the  conductoi 
of  oniinary  inuchiiit's,  the  metallic  phile  must  be  presented  at  a  muc 
griHiter  ilistimcc  than  wlien  the  sparks  we  huve  first  described  pas 
fioiii  tin'  lunductor.  Tiii-n  Ihere  ajipeurs  to  eseape  from  the  conducto 
a  kind  of  luminous  trcie  which  touches  the  umidiictor  with  its  trmil 
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while  an  infinite  number  of  bvauches  diverges  towards  the  plate. 
Fig.  430  shows  a  Iiimiiioxis  tuft  as  obtained  by  Van  Marum.  Between 
the  plate  and  the  brush  there  sometimes  exists  a  dark  si>ace',  some- 
times a  mass  of  light,  very  narrow  and  liaviiig  its  base  on  the  edge  of 


the  plate,  joins  the  top  of  the  brush.  In  tliis  case,  we  suppose  that 
the  conductor  is  chained  with  positive  electricity,  and  the  plate  elec- 
trified by  induction  is,  therefore,  charged  with  negative  electricity.  If 
the  reverse  took  place,  the  bmsli  with  wide  ramifications  would  escai>e 
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Ive  uul  ni^iUin  linubH. 


from  the  plate  ami  the  narrow  root  from  the  conductor.     Farads 
■who  BluJieJ  the  forms  of  positive  and  n^alive  brushes,  showi 
that  this  difference  results  from   an   unequal    tension   of  the   t^ 
electricities  when  the  dischar^ 
takes  plaw".     Negative  electri- 
city retiuires  for  its  diachftrge 
a  much  less  tension  tlian  posi- 
tive electricity. 

The  electric  light  can  he 
proiluced  in  different  media, 
in  air  and  other  prases,  and 
pven  in  Iwd-condocting  liquids: 
its  apitearance,  that  ia  to  say, 
iU  furm  »"•'  colour,  changes 
acconling  to  the  nature  of  these  media  ;  and  when  the  dischargi 
take  place  in  a  gaa,  they  vary  with  ita  pressure  or  degree  of  rar 
faction.  In  air,  at  ordinary  pressure,  we  have  seen  that  tlie  spai 
is  a  brilliant  white.  According  i 
Van  Manim,  who  made  numeroi 
experiments  on  this  subject,  i 
colour  is  bluish,  tinged  with  purpl 
in  nitrogen ;  very  white  in  oxyget 
violet  red  in  hydrogen ;  greenis 
in  carbonic  acid ;  reddish-gret 
in  carburetted  hydrogen  gas,  an 
white  in  hydrochloric  acid. 

The  trunk  of  the  positive  luni 
nous  brushes  in  air,  at  the  ordinal 
pressure,  is  of  a  violet  colour,  tinge 
with  purple,  whilst  the  branch* 
are  white,^ — this  is  perhaps  becaus 
the  light  is  leas  condensed.  I 
other  gases  the  colour  of  the  bnis 
varies,  as  Faraday's  experiineni 
si  1  owed  :  thus,  ill  hydrogen  and  J 
coul  giis,  it  is  slightly  greenish ;  i 
oxygen  it  is  white  as  in  air,  hut  much  less  beautiful;  in  rareh'fi 
nitrogen,  it  is,  on  the  contrary,   a  maguiticent  purple :  in  carboni 
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oxi^e  and  CRrbonic  acid  it  is  greenish  in  the  first  gaa,  and  slightly 
parple  in  the  aecond.  In  the  barometric,  or  Torricellian  vacuum, 
there  is  no  spark,  or  rather  the  spark  appears  between  the  conductor 
and  the  metallic  wire  which  dips  in  the  mercury:  at  this  moment, 
the  Iwiroraetric  vacuum  is  illuminated  witli  a  greenish  light,  as  in 
Fig.  438. 

For  the  study  of  the  luminous  effects  produced  by  electrical 
discharges  in  rarefied  gases,  the  Bpi)aratU3  represented  in  Fig.  439  is 


employed :  this  is  called  an  electric  egg.  Tlic  two  metallic  rods, 
each  terminated  by  a  ball,  and  communicating  with  the  conducting 
caps  of  the  apparatus,  can  be  apjtroached  or  separated  at  will.  Tlie 
egg  can  Ite  detached  from  its  stand  and  screwed  on  the  plate  of  an 
air  pump,  so  that  the  air  can  be  rarefied  at  will,  a  vacuum  made, 
and  a  gas  introduced  at  any  pressure. 

In  air,  at  ordinary  pressure,  the  spark  obtained  between  the  two 
balls  is  similnr  to  that  we  have  described  at  the  beginning;  but  in 
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nn'tt  1;$  the  air  is  rarefied,  the  light  changes  in  appearance  ai 
-ti<^»f««  from  the  positive  ball  as  a  branched  sheet ;  at  a  pressure 
*i  -am.  ic  presents  the  appearance  shown  in  Fig.  440.  It  then  appea 
\v  >e  composed  of  a  number  of  luminous  bands  of  a  purple  coloi 
^>me  diverging  laterally,  others  terminating  at  the  negative  ba 
1*  bioh  is  itself  enveloped  in  a  thick  sheet  of  violet  light  When  tl 
:«n;ssure  is  reduced  to  a  few  millimetres,  the  bands  unite  into 
'.utuinous  sheaf,  in  the  form  of  a  spindle. 

The  various  luminous  phenomena  wc  have  just  described  a: 
prtxluced  by  static  electrical  discharges.  Between  the  two  approx 
mated  ends  of  the  reophores  of  a  pile  with  a  very  large  number  of  el 
m«^nts,  brilliant  sparks  may  be  obtained  which  succeed  each  other  wit 
rapidity.  We  have  stated  above  that  the  phenomenon  is  much  fine 
and  the  light  more  intense,  when  it  is  caused  to  pass  between  t^ 
carbon  points  terminating  the  extremities  of  the  reophores :  we  the 
obtained  what  is  called  the  voltaic  arc.  By  making  use  of  inductio 
currents,  extremely  remarkable  luminous  effects  may  be  obtaine 
without  the  necessity  of  a  pile  with  a  great  number  of  elements.  Tl: 
following  are  some  details  of  the  voltaic  arc : — 

We  have  already  said  that,  in  order  to  produce  the  luminous  ar 
it  is  necessary  to  place  the  carbon  points  very  near  to  each  othei 
but  when  once  the  current  has  conquered  the  resistance  of  th 
interposed  air  and  produces  the  light,  the  points  can  be  furthc 
separated :  Davy,  working  in  rarefied  air,  obtained  with  his  pile  < 
2,000  couples  an  arc  of  light  of  eighteen  centimetres  in  lengtl 
The  luminous  intensity  of  the  voltaic  arc  is  so  considerable  the 
the  eye  can  scarcely  endure  its  brightness.  According  to  som 
experiments  made  by  MM.  Fizeau  and  Foucault,  this  intensit; 
is  nearly  fifly  times  greater  than  that  of  Drummoud's  light, — ^tha 
is,  the  brilliant  light  produced  by  directing  an  ignited  jet  o 
oxy-hydrogen  gas  on  a  piece  of  lime;  solar  light  has  scarcely  ai 
intensity  triple  that  of  the  voltaic  arc.  These  two  experimenter 
worked  with  a  Bunsen's  battery  of  92  couples  arranged  in  tw< 
series. 

In  studying  the  very  interesting  phenomenon  of  the  voltaic  arc 
it  has  l>oon  noticed  that  the  electrical  current  passing  continuoush 
l>etwoon  the  two  points  transj)ort3  fmm  one  to  the  other  minute  pfir 
tides  of  carhon :    tliis    transport  of  matter   is    made  with   greatesi 
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readiness  from  the  positive  to  the  negative  pole,  so  that  the  points 
become  unequal  in  size  :  the  negative  point  increases  at  the  expense 
of  the  other.  Fig,  441  shows  the  appearance  of  the  two  points,  as 
seen  by  projection  on  a  screen,  in  an  enlarged  form.  We  will  leave 
the   description   of  it  to  the   learned   physicist   to   whom   we   ova 


this  druwinfj.  M.  Le  Eoux,  in  a  conference  on  the  application 
of  electricity  to  lighthouse  illumination,  given  by  him  at  the 
SociM  d' Encouragement  pour  rindmtrie  vationale,  described  it 
as  follows: — "In  order  to  directly  examine  what  passes  in  the 
voltaic    arc,    great    care    must    be    takeu    tc    j)l;;cr    the    eye    in 
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safety    from    the    considerable    intensity    of   the    light,    but    t 

same   intensity  allows   us  to    observe   the   whole  of  the   small 

details  of   the    carbon  surfaces.     It  is   sufficient  to   interpose    1 

tw^en  them  and  the  screen  a  lens  with  a   proper  focus:  you  v 

then  peiveive  the  image  of  the  carbon  points  enlarged  a  hundi 

times;  this  projection  enables  you  to  examine,  without  fatigue,  1 

whole  of  the  phenomena.     Here  are  some  carbon  points   betwc 

which  the  continuous  current  of  a  Bunsen*s  pile  passes.     You  i 

one  of  the  points  increases  at  the  expense  of  the  other:  this  o 

which  is  the  most  used,  is  the  positive  point;  it  is  this   wh: 

communicates  with  the  carbon  end  of  the  pile ;  if  it  is  more  poini 

than  the  other,  it  is   because  it  loses   material  which  the  otl 

acquires.    We  can,  indeed,  reverse  the  direction  of  the  current :  j 

then  see  the  carbon  point  which  was  just  now  the  most  pointi 

increases,  wliilst  the  other  becomes  more  slender  ;  besides,  from  ti: 

to  time  some  larger  patches  detach  themselves,  traverse  the  spi 

under  the  form  of  little  incandescent  masses,  and  indicate  the  dirt 

tion  of  transport.     You  see  little  globules  boil  up  here  and  th< 

on  the  surface  of  the  carbon;  these  are  globules  of  melted  8ili< 

you  will  remark  that  these  globules  do  not  appear  on  the  carl 

points  where  the  temperature  is  highest ;  they  are  volatilized  at  1 

outset     Now  we  are  in  a  very  impure  vein,  and  a  considera' 

quantity  of  these  silica  globules  show  themselves ;  the  brightness 

the  arc  suffers ;  blowing  lightly  against  the  carbons,  the  current 

air  inclines  the  arc  and  shows  us  its  development    We  now  res 

a  part  of  the  carbons  where  their  purity  leaves  nothing  to  be  desir 

You  see  how  quiet  the  arc  is,  the  progress  regular,  the  points  clea 

tenninated.    You  will  see  the  quiet,  bluish  light  of  the  arc  contra 

ing  with  the  bright  white  of  certain  parts  of  the  points;  the  i 

forms  a  kind  of  truncated  cone  swollen  in  the  middle,  the  two  ba 

of  which  are  the  carbons:  these  two  bases  are  the  brightest  p 

tions,  the  temperature  is  the  highest  in  them,  the  molecules  tra 

ported  by  the  cuirent  strike  them." 

When    a    space    filled   with  gas   or   very    mrefied    vapours 
traversed  by  induction  currents,  the  luminous  effects  present  p 
ticular  characteristics  of  great  ink'rest 

If  the  air  contained  in  an  electrical  egg  is  rarefied  to  a  pressi 
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of  two  or  three  tnillj metres,  and  if  the  interior  balls  are  placed 
in  communication  with  the  poles  of  a  RuhmkorfTs  coil,  a  niagni6cent 
luminous  sheaf  is  seen,  of  a  beautiful  red,  starting  from  the  positive 
ball,  whilst  the  negative  ball  and  rod  are.  enveloped  in  a  sheet  of  light 
of  a  bluish  purple.  If  the  direction  of  the  current  is  reversed  with 
a  key,  or  commutator,  the  two  lights  are  inverted ;  the  sheaf  issues 
from  the  lower  ball,  whilst  the  violet  aureola  envelopes  the  upper  ball. 
If,  before  rarefying  the  air,  vapoura  of  dilTereut  substances  are  intro- 


duced,— for  example,  alcohol,  phosphorus,  or  essence  of  turpentine, — 
the  luminous  sheaf  assumes  a  |)articular  aspect  which  was  discovered 
nearly  at  the  same  time  by  ItuhmkorfV,  CSiuve,  aud  (Juct.  The 
red  light  of  the  sheaf  is  interrupted  transvereely  by  very  narrow  dark 
bands,  so  that  it  is  alternately  formed  of  dark  and  bright  stria'.  From 
the  middle  of  the  sheaf,  where  the  striii-  are  rectilinear,  they  are 
ciir\'ed  in  two  opprwite  directions,  ciirli  faciufj  the  balls  coucavely. 
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Tu    thia   plicnomcuon   is    given   tlie   luime   of   ttratifieatian   of  ih 
electric  light. 

Since  tlio  tiire  of  this  discoverj',  different  fumis  liave  been  givei 
to  the  vossels  wliicli  coiitain  the  larefied  vapours  suitable  for  tli 
prciiluctimi  of  the  btratificatioiia.  Plate  X.  (the  various  drawings  c 
which  have  been  made  from  tlie  objects  thetuBelves}  i-cproduct 
some  of  the  most  curious  effects  of  this  kind,  produced  in  tube 
known  as  Geiinler's  tuh-s.  Tliie  beauty  of  these  lumiuoiia  eflects-l 
again  enhanced  by  tlie  ]ihenomena  of  phosphoreacffiice  which  th 
electric  light  prodnces  iu  iii'aniiim  glass,  and  in  certain  salts  (uotab 
sulphides),  uf  atrontium  and  calcium,  and  also  in  sulphate 
(liiinine. 
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Optical  nietf*oi-s  :  iniiii«ie,  raiiilMjw. — Tension  of  :i(jueous  vapoiir  in  the  atmoHphere ; 
hyj^rometry.  -  (-IoujIs  and  fogs. — Dew,  niin,  snow. — Crystals  of  snow  and  ice. — 
Variatinns  of  barometric  pressure. — Measure  of  maxima  and  minima  tempe- 
ratures.— Electrical  meteors  ;  thunderbolts,  thunder  and  lij^htning. — Anroruj 
l)0i^\dc-s. 

rpiIE  reader  who  lias  (»ccu])ied  liiinself  with  the  studies  of  which 
■^      we  liave  spoken  at  some  length,  though   in  a  very  incomplete 
manner,  will  find  that  all  the  physical  phenomena  of  nature  arrange 
themselves  in  one  or  other  of  the  categories  which  correspond  to  the 
six  books  of  this  work :  AVeight,  Sound,  Liglit,  Heat,  ^lagnetism,  and 
Electricity.    We  have  seen  moreover  tliat  electricity  and  magnetism 
have  the  same  cause — that  they  are,  in  fact,  two  modes  of  action,  at 
first  sight  different,  hut  really  the  same,  resulting  from   the   same 
physical  agent.     The  more  science  advances,  the  more  are  the  divi- 
sirms  of  which  we  speak  etiaced ;  in  other  words,  the  more  evident 
does  it  become  that  oni»   principle  will  probably  some  day  or  other 
account  for  the  varied  phenomena  i)erc(;ived  l)y  our  senses,  and  of 
which  the  world  presents  a  perpetual  development.     ^Moreover,  in 
nature  these  phenomena  are   not  isolated:    the   separation   which 
science  is  obliged  to  make,  without  which  separation  indeed  science 
would  not  be  j>ossible,  does  not  exist  in  reality ;   not  only  do  the 
phenomena  co-exist,  but  they  act  and  react  one  on  the  other ;  they 
strive  with,  interj)eiietrate,   and  modify  each  other  in   a  thousand 
different  ways,  and  these  are  the  innumerable  actions  which  become 
to  the  observer  or  conteniplator  of  the  universe  the  source  of  all  the 
contra.>ts  and  of  all  the  harmonies  which  lie  (dx<erves. 
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In  this  concluding  Book  it  is  impossible  to  present  a  sketch  of 
the  immense  picture — the  magnificent  panorama  which  results  from 
the  concourse  of  physical  phenomena ;  but  we  cannot  omit  showing 
the  ties  by  which  some  of  them  are  bound  to  the  facts  which  we 
have  studied,  and  which  the  physicist  reproduces  on  a  smaller  scale 
in  his  laboratory.  Let  us  for  this  purpose  consider  some  of  those 
phenomena  which  are  called  atmospheric,  the  place  of  their  produc- 
tion being  the  ai3rial  envelope  with  which  the  terrestrial  globe  is 
surrounded.  They  may  be  arranged  in  three  principal  classes : 
luminous  or  optical  meteors;  aqueous  7tiet€ors,  the  production  of  which 
is  due  to  the  modification  undergone  by  aqueous  vapour  under  the 
influence  of  variations  of  pressure  and  temperature;  and  lastly, 
electrical  or  magnetic  meteors. 

m 

The  refraction  of  the  luminous  rays  which  have  to  pass  through 
either  the  entire  strata  of  the  atmosphere,  or  a  part  of  them,  gives 
rise  to  numerous  phenomena,  amongst  which  we  have  already  de- 
scribed the  apparent  elevation  of  objects  above  their  real  position, 
which  is  called  atmospheric  refraction.  Mirage  is  a  phenomenon  due 
to  the  same  cause ;  it  is  observed  chiefly  on  the  surface  of  plains  of 
sand,  when  the  ground  has  been  strongly  heated  by  the  sun's  rays. 
The  traveller  who  crosses  these  plains,  then  sees  objects  which  are 
raised  above  the  ground,  reflected  as  if  on  a  liquid  expanse;  the 
illusion  is  so  strong  that  those  who  are,  for  the  first  time,  witnesses  of 
the  phenomenon,  cannot  help  believing  in  the  real  existence  of  a  lake 
spreading  its  waters  along  the  horizon.  The  French  soldiers  in  the 
Egyptian  expedition  were  more  than  once  deceived  by  this  false 
appearance.  Overcome  with  fatigue  and  thirst,  they  saw  the  longed- 
for  lake  recede  as  they  approached,  renewing  for  them,  under  a  form 
not  less  deceptive,  the  tortures  of  Tantalus.  Monge,  one  of  the  men 
of  science  of  the  Egyptian  Institute,  was  the  first  to  give  a  complete 
explanation  of  the  mirage,  which,  however,  is  not  alone  observed  in 
the  African  deserts. 

The  following  is  his  theory  of  the  mirage.  The  solar  rays,  on 
reaching  the  surface  of  the  sandy  stratum,  heat  it  strongly,  whilst 
they  have  passed  through  the  superposed  strata  of  air  without  much 
raising  tlieir  temperature, — the  absorbing  power  of  gases  being  very 
small  compared  with  tliat  of  solids.     But  the  heat  of  the  ground  is 
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communicated  by  direct  contact  to  the  lowest  stratum  of  air  and  from 
that  successively  to  those  above  it ;  and  expanded  air  rises  in  virtue 
of  its  specific  lightness ;  but  if  the  ground  presents  a  nearly  horizontal 
level,  and  if  the  atmosphere  is  calm,  equilibrium  is  retained,  and  feeble 
currents  produced  by  some  inequalities  ia  the  expansion  of  the 
different  portions  of  the  lower  air  are  alone  produced.  Hence  it 
follows  that,  towards  the  middle  of  the  day,  the  strata  of  the  air 
nearest  the  ground  are  arranged,  from  top  to  bottom,  in  the  order  of 
decreasing  density.  Let  us  now  imagine  a  luminous  beam  sent 
obliquely  to  the  ground  from  the  point  m,  a  tree  in  our  sketch 
(Fig.  445);  on  passing  from  the  mrer  into  the  denser  stratum,  it 
will  deviate  from  the  vertical,  from  a  to  d,  and  this  deviation  will 
increase  in  proportion  as  it  encounters  strata  more  and  more  refrac- 
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tive,  until  falling  at  A  on  a  stratum  with  the  surface  of  which 
it  makes  an  angle  equal  to  its  limiting  angle,  it  will  undergo  total 
reflection.  Starting  from  this  point,  it  will  follow  a  contrary  path, 
getting  nearer  and  nearer  to  the  vertical,  falling  on  o  in  the  observer's 
eye,  who  then  sees  an  image  of  the  point  M  in  m'.  The  same  path 
being  applied  to  all  the  points  of  the  object — here  it  is  a  tree, — it  will 
appear  reflected  as  in  a  mirror,  and  the  observer  will  see  it  as  a 
reversed  image.  The  sky  is  reflected  in  the  same  manner,  whence 
the  brilliancy  of  the  ground  at  a  ceitain  distance  from  the  object,  and 
the  appearance  which  causes  the  belief  in  the  presence  of  a  liquid 
between  the  eye  and  the  object. 
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Tlie  iilieuoiuenon  of  tlio  mirnge  takes  place  als 
of  the  sea,  when  the  water  lias  a  higher  tenipei 
of  tliG  air,  and  the  explanation  is  the  same  as  thi 
OIL  Isuid. 

When  the  strata  of  the  air  are  unequally  he 
iM-in^  separated  liy  horizontal  surfaces,  they  are  uion 
and  we  get  the  latnal  mirage  which  is  observci 
monntainous  countries,  or  in  the  vicinity  of  buildii 
instance,  the  ohjects  a)ii>ear  reflected  as  in  a  vertical 
happens,  as  is  soinetiuies  olisorved  at  sea,  that  tli 
olijecjt,  as  a  vessel  for  instance,  is  funned  above  it 
celebrated  navigator  and  [diysicist,  Scoresby,  witnen 
seas  this  last  plienonienon,  wliich  was  then  called  Hit 
One  flay  he  perceived  in  the  air  the  inverted  image  o 
his  father  cumnmnded,  and  fnuu  which  a  sudden  stor 
him.  ami  the  image  was  so  clear  tliat  he  couKl  reco; 
although  it  wa:J  eoui|'letely  hidden  1>ehiw  the  hori: 
thii*  phenonienitn,  the  exisience  "f  horizontal  strata  o 
iif  whii-h  rapidly  dimiui!-hes  from  below  upwards,  n 
at  n  cerluiu  height  in  the  atmosphere. 

The  mirage  is  a  ]>heu<>mcnon  of  simple  v/iiielio 
hiihv.  and  ji'irJii/i'i  are  luminous  meteors  produc 
j>iCN/..»i  of  light  tbiriug  its  passage  through  rain- 
small  drops  of  whii'h  f<.iim  the  clouds  or  liaze  wli 
atmosjihen.'.  We  shall  i-ontine  ourselves  to  a  statein« 
of  the  rainbow,  pivpounded  by  Antonio  de  Do 
elaK)rated  by  l»e*iartes,  and  la.--tly  perfected  by  N 


AVe  all  know  thai  the  rainliow  or  iris  is  seen  op| 
through  the  eh-uds  which  are  turucil  into  rain,  and 
time-!  siTiiplt'  and  Sometimes  accompanied  by  an 
brillijinl  thuu  the  first.  The  principal  or  iuterii 
eircxilar  lusid  in  the  width  of  which  the  various 
spe.:rniu  are  stt-u  in  oriler  from  violet  to  rcil,  si 
i.i*ide  ol  the  1-w.  Th,  M,-Miu.iry  K.w  is  wider  ll 
sbi'ws  the  sa:iu'  .■,l'nrs  ;trr,inge»l  in  a  reverse  order 
i-i  insi.io,  f.iAt  t-.>  The  r\d  .f  ihe  principal  Uiw.  Plat 
arraiiijeiue:::  .iii.l  i::vi  ■;  ,»'.i  ■  \.„';  i  ir.\  -if  the  width  an 
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iiess  of  tlie  bowR,  as  w»ll  as  the  apparent  ilimeDsions  of  the  zone  . 
which  Heparatea  them. 

To  account  for  the  conditions  which  produce  the  phenomenon, 
lilt  U8  trace  the  path  of  k  3okr  ray,  which  falls  on  the  surface  of  a 


spherical  drop  of  rain.  ( )n  arriving  at  the  surface  of  the  sphere,  tins 
luminous  ray  ia  refracted  and  approaches  the  normal  at  the  point  of 
incidence.  Ou  meeting  the  interior  surface  of  tlie  liquid  sphere  it  is 
divided ;  part  of  it  emerges  and  the  other  i)art  is  reflected,     llie  sauie 


efl'fict  takes  i»lnce  at  each  of  the  meetings  of  the  reflected  my  with  tin- 
surface  of  the  drop,  the  intensity  of  tlie  reflection  diminishing  in  pro- 
portion as  the  successive  reflections  are  accomplished.  Knowing  tlie 
angle  of  incidence  of  the  luminous  ray,  the  angle  at  which  it  lea^-es 
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the  liquid  sphere,  after  one,  two,  or  any  number  of  interior  reflections, 
can  be  calculateil  Instead  of  a  single  ray  of  light,  if  we  imagine  a 
beam  such  as  8  i,  the  angle  of  incidence  of  the  rays  which  compose 
the  l^eam,  not  being  the  same  for  all,  the  emerging  rays  will  emei^e 
generally  in  diverging  from  the  sphere,  in  such  a  manner  that  if  dis- 
perseil  through  space  they  could  not  act  on  the  eye  or  produce  an 
image  ou  the  retina  at  any  distance.  Nevertheless,  calculation  proves 
that  for  certain  incidences  the  emergent  rays  form  a  cylindrical  beam, 
the  intensity  of  which  will  remain  sensibly  the  same  at  a  considerable 
diatance.  Newtcm  gave  the  name  of  effective  rays  to  those  which 
po68etiB»  this  property. 

Let  us  recall  to  mind  that  the  different  coloured  rays  of  which  a 
betim  of  white  light  or  solar  light  is  compoeed,  have  not  the  same  re- 
fbkugibility.  The  incidences  which  correspond  to  the  effective  rays  of 
eaioh  simple  colour  are  therefore  not  the  same;  hence  it  follows  that  on 
emerging  from  the  liquid  sj^re  the  incident  beam  will  be  divided 
into  as  many  sej^arate  rays  as  there  are  colours  in  the  spectrum.  On 
calculating  the  angle*  of  incidence  for  the  rays  of  the  extreme  simple 
ciJourj*  the  violet  au%l  the  red,  after  a  single  internal  reflection  we  find  : 

Kv>r  the  violet  rays  an  angle  of  incidence  of  SS"*  40';  for  the  red 
wvii,  an  angle  of  incidence  of  59'  23*. 

Therefore  the  angles  which  the  emeiging  ra}*s  make  with  the 
direction  of  the  incident  lay?  are  40^  17'  for  the  violet  rays,  and 
4:2**  2  for  the  rvd  ravs^ 

In  the  case  of  two  internal  feilections»  in  A  and  b  the  angles  of 
incidence  of  the  effective  rays  are: 

For  the  violet*  71*  26';  for  the  red.  71*  50';  and  the  deviations 
undergom*  by  the  rays*  after  this  emergence  fiom  the  liquid  sphere, 
are  r^O'  5i>*  for  the  red  rays,  and  54*  9*  for  the  violet  rays. 

By  means  of  these  data,  it  may  be  seen  that  the  principal  rainlK)w 
is  pivxlucetl  by  the  solar  rays  which  have  undergone  a  single  reflection 
in  the  interior  of  the  liquid  spheres  composing  the  rain-drops.  Tlie 
extoriivr  rainbow  is  produced  by  the  rays  which  have  passed  through 
two  successive  reflivtions.  Let  o  z  W  a  line  j^arallel  to  tlie  ilirection 
of  the  Si^lar  rays,  and  ]\i^;ng  threugh  the  eye  of  the  obser\-tT  who 
turns  his  Iviok  vm  the  sun,  I.iX>king  in  the  direction  o  «i,  so  thai  the 
angle  n  o  .*.  is  that  of  iho  deviation  corresjvnding  to  the  effective 
viiJet  r^iy^.  the  ol^Tvor  will  reivive  on  l:is  eye  a   vioKt    ray  pn>- 
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ceediiig  from  the  solar  i*ay  s  a,  which  lias  been  once  reflected  in  the 
rain-drops,  when  they  pass  successively  in  their  fall  by  the  point  a. 
Indeed  the  parallelism  of  the  lines  0  z  and  s  a  conduces  to  the  equality 
of  the  angles  Sao  and  a  o  z ;  now  this  last  is  by  hypothesis  equal  to 
the  angle  of  deviation  which  corresponds  to  the  effective  violet  rays. 
The  ray  s  a  will  then  find  a  rain-drop,  whose  position  will  be  that 
which  agrees  with  the  calculated  incidence  and  emergence ;  and  the 
eye  will  see  a  violet  point.  About  2  degrees  higher,  at  6,  he  will  see 
a  i-ed  point,  and  in  the  interval  ab  all  the  shades  of  the  spectrum 
t'oin prised  l)etween  the  violet   and  the  red;  that   is   to  say,  indigo 
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blue,  green,  yellow  and  orange.  Rut  the  same  thing  will  evidently 
occur  in  every  direction  making  with  0  z  the  same  angles  as  those  of 
which  we  have  spoken.  The  observer  will  then  see  bands  of  all  these 
colours,  projected  on  the  sky  under  the  form  of  concentric  circles 
having  their  centres  on  the  line  o  z,  in  a  point  diametrically  opposite 
to  the  sun.  So  much  for  the  solar  rays  which  penetrate  the  rain- 
drops and  emerge  after  a  single  reflection.  Those  which  have  under- 
gone two  reflections  will  an'ive  at  the  eye  forming  with  the  line  o  z 
angles  of  50°  59',  if  they  are  red  rays,  and  54°  9'  if  they  are  violet  rays. 
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The  eflFective  rays  of  the  intermediate  colours  will  be  comprised 
between  these  extreme  rays ;  but  in  this  case  the  red  will  be  at  the 
interior  and  the  violet  at  the  exterior. 

These  results  are  deduced  from  calculation,  according  to  the 
laws  of  reflection  and  refraction  of  light,  and  the  index  of  refraction 
of  water.  Now,  the  angular  dimensions  of  each  rainbow,  the 
width  of  the  zones,  and  that  of  the  interval  which  separates  them, 
are  so  many  consequences  of  the  preceding  data,  and,  if  the  theory 
is  correct,  observation  ought  to  verify  the  truth  of  it;  and  indeed 
the  explanation  of  Newton,  and  of  all  observers  who  aft^r  him 
studied  the  rainbow,  has  been  verified.  Wlien  the  sun  is  at  the 
horizon,  the  line  oz  is  in  this  plane;  the  centre  of  the  arcs  is 
then  itself  at  the  horizon,  and  the  rainbow  is  seen  under  the  form 
of  a  semicircle;  and  it  presents  this  form  both  at  the  rising  and 
the  setting  of  the  sun  to  an  observer  situated  in  the  plain.  For 
diffei-ent  heights  of  the  sun,  the  rainbow  has  an  amplitude  less 
than  a  semi-circumference,  which  gets  less  as  the  sun  gets  higher. 
Lastly,  if  the  observer  were  situated  on  a  very  high  mountain  and 
on  a  narrow  peak,  he  would  be  able  to  see  more  than  a  semi-circum- 
ference, and  even  a  complete  circle,  if  the  rain  fell  at  a  considerable 
distance. 

It  nmst  not  be  forgotten  that  the  niinbow  is  a  phenomenon  the 
production  of  which  depends  only  on  the  position  of  the  observer 
relatively  to  that  of  the  sun,  and  of  the  cloud  which  is  converted 
into  rain.  Therefore  if  two  persons  at  a  distance  from  each  other 
see  a  minbow  at  the  same  time,  they  do  not  see  the  same  arc. 
if  this  were  the  case,  the  observer  situated  obliquely  would  see 
it  in  perspective,  and  in  the  form  of  an  oval  or  ellipse,  not  as  a 
circle.  Theory  and  observation  agree  in  proving  the  impossibility 
of  the  fact  we  have  just  imagined.  We  have  often  hccord  persons, 
to  whom  we  have  mentioned  having  seen  a  rainbow,  reply  that  they 
also  had  seen  it ;  but  they  were  mistaken,  at  least  unless  they  were 
precisely  in  the  same  position  as  we  ourselves  were,  at  the  same 
instant. 

AqmouH  vuteors  are  those  caused  by  the  transformation  which 
the  vapour  contained  in  the  air  undergoes,  under  the  influence  of 
vjiriations    of    temperature.     Clouds,    fogs,    rain,    snow,    dew,    white 
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frost  and  hoar  frost,  are  the  different  forms  under  which  the  atmo- 
spheric water  is  presented  to  our  view,  which  therefore  assumes  these 
three  conditions:  the  gaseous  condition,  when  it  exists  as  invisible 
vapour;  the  liquid  condition,  when  the  lowering  of  temperature 
condenses  it  into  drops  more  or  less  small ;  lastly,  the  solid  condi- 
tion, if  a  still  greater  cooling  congeals  tlie  drops  which  then  fall 
in  the  form  of  white  flakes,  or  arrange  themselves  into  crystals  on 
the  surface  of  the  ground.  The  complete  description  and  detailed 
exi)lanation  of  these  different  phenomena  would  take  us  beyond  the 
limits  of  our  space.  We  shall  therefore  limit  ourselves  to  an  indica- 
tion of  tlie  pliysical  laws  wliich  relate  to  their  production. 

Analysis  proves  that  the  air  is  a  mixture  of  two  permanent  gases, 
oxygen  and  nitrogen,  with  which  variable  quantities  of  aqueous 
vapour  and  carbonic  acid  are  mixed.  But  while  the  proportion  of 
oxygen  and  nitrogen  remains  constant,  that  of  the  aqueous  vapour 
varies  perpetually  and  depends  on  numerous  atmospheric  conditions, 
such  as  tem])erature,  direction  and  force  of  the  wind,  &c. 

It  is  very  important  to  the  science  of  meteorology  to  know  how 
to  determine,  at  a  given  instant,  the  hygroraetric  stiite  of  the  air. 
By  this  term  we  understand  tli(i  relation  between  the  tension  of 
the  aqueous  vapour,  which  is  actually  contained  in  it,  and  the 
maximum  tension  which  the  same  vapour  would  possess  if,  at  an 
observed  temperature,  the  air  were  saturated  with  it. 

This  relation  is  deduced  from  the  indications  of  instruments 
called  hyyrometi'rtiy  con:;tructed  on  different  principles,  among  which 
we  shall  only  describe  the  hair  hi/f/rome(er,  which  bears  the  name  of 
l)e  Saussure,  its  inventor. 

It  is  based  on  the  property  which  hairs,  like  many  other  animal 
substances,  i)Ossess  of  being  very  sensible  to  variations  of  atmo- 
spheric dampness.  A  hair  previously  washed  in  sulphuric  ether, 
which  frees  it  from  the  oily  matter  which  it  contains,  lengthens  when 
it  absorbs  aqueous  vapour  and  shortens  when  it  loses  the  absorbed 
moisture.  The  following  is  the  manner  in  which  these  changes  of 
dimension   are   rendered  sensible: — 

The  hair  is  fixed  by  its  up])er  extremity,  and  passes  round  a 
pulley  at  the  centre  of  which  there  is  a  needle  moving  on  a  divided 
circle.  A  small  weight  keeps  it  on  the  ])ulley ;  and  as  this  forms  with 
the  needle  a  system  of  unstable  equilibrium,  the  least  variation  in  the 
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length  of  the  hair  turns  the  pulley,  and  therefore  the  needle,  in  one 
direction  or  the  other. 

The  hygrometer  is  graduated  by  taking,  for  the  fixed  pointa,  the 
extreme  dryness  or  dampness  of  the  air,  by  the  following  metixid: — 
The  instrument  is  placed  under  a  hell- jar,  the  air  of  which  is  dried 
by  chloride  of  calcium,  and  when  the  needle  stops  at  a  fixed  posi- 
tion, it  is  marked  0°;  the  apparatus  is  then  placed  under  anotbet 
bell-jar,  the  interior  of  which  is  moistened  with  water :  the  air  oom- 
tained  in  this  jar  is  thus  saturated  with  vapour.  The  needle  [wnw 
in  the  contrary  direction,  and  ends  by  stopping  at  a  pcont  which 
corresponds  to  the  state  of  the  air  aatorsted  viUi 
vapour. 

This  point  is  marked  100°,  and  the  intenal 
comprised  between  the  two  fixed  points  is  divided 
into  100  equal  parts  or  d^iees. 

The  hygrometer  thus  constructed  and  gtBdnated 
shows  well  if  the  air  is  more  or  less  damp ;  biit» 
to  conclude,  itom  a  marked  hygrometiio  degte^ 
|H     the  tension  of  the  vapour  with  i^ard  to  the  ten- 
^1     sion  of  the  air,  saturated  at  the  same  tempenton^ 
^^^H     one  must  construct  and  calculate  empirical  tafalM 
^^^^1     which  give   this    relation.     A   thermometer    la 
^  ...,'V^^I     generally  added  to  a  hair  hygrometer,  the  atili^ 
I?       )  ^H     of  which  will  be  understood  after  what  we  han 
It         k^^^B     just  said.     Hair  hygrometers  present  this 
venience,  that  their  indications  are  not 
^'"hSrhiS^e^""'    comparable;   hairs   belonging   to   different    indi- 
viduals have  not  in  the  same  degree  the  pciK 
perty  of  absorbing  dampness. 

The  hygrometric  state  of  the  air  can  also  be  deduced  from  tb| 
temperature  to  which  it  must  be  lowered,  in  order  that  the  vapoar 
which  it  retains  may  be  sufficient  to  saturate  it  The  instonmemtt 
which  serve  to  determine  this  temperature  are  condensing  hygrth- 
meters,  thus  natned  l^ecause  the  vapour  condensed  on  the  anrfito* 
of  a  polished  motal  indicates  the  saturation  of  the  air  produced  bjr 
an  artificial  falling  of  the  temperature :  these  instruments  are  pre- 
paretl  by  meteorologists  on  account  of  their  precision.  The  quantity 
of  atmospheric  aqueous  vapour  generally  increases  with  the  tempera- 
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ture ;  it  is  greater  at  sea  and  on  the  coast  than  far  Inland.  It  varies 
according  to  the  hours  of  the  day,  increasing  in  proportion  as  the 
temperature  rises.  It  also  varies  in  the  various  seasons  of  the  year ; 
the  warmest  are  those  in  which  the  air  contains  the  greatest  absolute 
quantity  of  vapour.  The  contrary,  however,  happens  for  relative  damp- 
ness ;  it  is  generally  during  the  night,  or  during  the  cold  season,  that 
it  exists  in  greatest  quantity, — that  is  to  say,  that  the  air  is  nearest 
saturation.  Lastly,  the  direction  of  the  wind  has  also  a  great 
injQuence  on  the  hygrometric  condition  of  the  air,  but  it  is  impossible 
to  give  an  idea  of  this  influence  without  entering  into  extremely 
complex  details,  since  the  atmospheric  conditions  change,  so  to  speak, 
in  different  regions  of  the  globe. 

Dew  is  nothing  more  than  a  deposition  of  the  vapour  contained 
in  the  air,  which  the  cooling  of  objects  situated  on  the  surface  of 
the  ground  has  condensed  into  fine  drops  during  the  night.  Dew 
appears  especially  during  the  serene  nights  of  autumn  and  spring : 
because,  at  these  periods,  there  is  a  great  difference  between  the  warm 
temperature  of  the  day  and  that  of  the  night.  The  atmosphere  then 
contains,  during  the  day,  a  sufficient  quantity  of  vapour ;  and,  if  the 
sky  is  not  covered  with  clouds,  the  ground  radiates  into  space  a 
quantity  of  heat,  without  the  air  in  itself  being  cooled  as  much  in  its 
upper  stmta :  but  the  contact  of  the  ground  will  cause  the  tem- 
perature of  the  lower  strata  to  fall,  which  will  be  saturated,  and  their 
vapour  will  be  deposited  in  the  form  of  dew  on  bodies,  with  much 
more  abundance  as  these  are  less  good  conductors  of  heat,  and 
endowed  with  greater  radiating  power. 

Clouds  prevent  radiation  from  being  so  intense ;  and,  moreover, 
between  them  and  the  ground  an  exchange  of  heat  takes  place :  this 
explains  why  there  is  little  or  no  dew  in  dull  weather. 

When  the  temperature  of  the  night  falls  i)elow  zero,  the  dew 
deposited  on  the  ground  is  congealed,  crystallizing  in  the  form  of  very 
fine  icicles  :  this  phenomenon  is  known  as  v^hite  or  hoar  frost. 

When  the  condensation  of  the  atmospheric  vapour  is  determined  by  a 
fall  of  temperature  in  the  upper  strata  of  air,  very  small  drops  of  water 
produced  by  this  condensation,  collected  in  a  space  more  or  less  great, 
interfere  with  the  transparency  of  the  air,  and  form  either  clouds  or 
fogs.     Fogs  only  differ  from  clouds  by  their  proximity  to  the  ground. 

uu  2 
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Olotids  cuntiiiually  change  in  foim ;  but  it  is  not  alone  the  InflueDt 
of  aerial  currents  which  modify  them :  soaietimes  they  are  (li33ipate< 
liecause  thej'  meet  with  strata  of  a  higher  temperature,  and  part  i 
the  water  which  forms  them  passes  into  the  state  of  vapour;  somi 
tiuiea,-  on  the  other  hand,  they  increase  hy  a  fresh  condensation,  en 
then,  if  the  drops  assume  a  more  considerable  volume  and  weigh 
ihey  frtll  to  the  ground,  presenting  the  phenomenon  of  rain.  A  rhanj 
of  wind  often  brings  rain,  cither  Ijecause  the  cold  masses  of  air  ai 
thus  mixed  with  air  charged  with  vapours,  and  saturate  ihem,  or,  o 
the  other  hand,  because  the  masses  of  warm  air  charged  with  vapoi 
are  then  mixeil  with  a  colder  atmospliere. 

In  winter,  when  the  temperature  is  low  enough  for  the  drops  ( 
water,  forming  clouds,  to  be  congealed,  snow  falls  instead  of  rail 
Snow>ttakes  are  fonuc-d  by  the  agglomeration  cf   small  crjstal 


deposited  in  a  star-like  form,  with  a  symmetry  which  is  really  woi 
derful.  We  have  reproduceil  in  Fig.  450  the  various  forms  whic 
the  navigator  Scoreaby  has  described,  and  figured  in  the  accoui 
of  his  voyages  to  the  Arctic  seas.  It  has  been  remarked  tliat  tl 
greatest  number  uf  them  are  hexagonal  polygons — stars  with  si 
lioints;  all  the  small  facets  forming  the  crystals  making  angles  i 
60°  or  120°.  Sometimes  drops  of  water  from  the  clouds  are  aggh 
merated,  on  congealing,  into  little  irregular  masses  more  compact  thd 
snow.     They  then  fall  as  shet,  or  hail. 

The  crystalline  form  assumed  by  atmospheric  water  on  congealii 
also  belongs  to  the  compact  and  transparent  masses  of  ice  which  tl 
low  temperatures  of  winter  )iroduce  on  the  surface  of  ponds,  lakt 
and   rivers.     On   examining  iue   with   the    naked  eye,  its  structu 
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appears  confused,  but  Tyodall  has  succeeded  in  proving  its  crystalline 
texture  by  a  very  curioua  experiment,  which  consists  in  passing  a  beam 
of  solar  or  electric  light  through  a  block  of  ice.  The  lieat  of  the 
beam  is  partly  ab8orl>ed  by  the  molecules  of  which  the  block  is 
composcl,  and  the  return  to  the  liquid  state  ia  gradmilly  produceil. 


By  examining  what  is  passing  in  the  interior  of  tlie  block  by 
means  of  a  magnifying  glass,  or  by  projecting  its  image  on  a  screen 
by  means  of  a  lens,  the  work  of  decomixisition  of  which  we  speak 
is  rendered  evi<Ient.  Here  and  there  we  see  star  (lowers  with  six 
rays,  with  serrated  edges ;  at  the  L-entre  of  each  a  spot  is  seen  present- 
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ing  the  la.%tre  of  burnished  viSxfst,  and  Tyudall  has  shoim  Uiat  this 
%Y^  ^  ^  vacaam,  the  prodaction  of  which  is  dae  to  the  diminution  of 
volume  undergone  by  the  ice  as  it  passes  to  the  liquid  condition,  so 
that  this  curious  phenomenon  proves  the  contraction  of  water  during 
its  passage  from  the  solid  to  the  liquid  state. 

The  various  phenomena  we  have  just  rapidly  described,  and  which 
we  have  placed  under  the  common  denomination  of  aqueous  meteors, 
because  water  in  its  different  states  forms  the  substance  of  them,  have 
for  their  cause  the  variations  of  temperature.  This  last  element  has 
therefore  great  importance  in  meteorology ;  moreover  its  influence  is 
very  great  on  organized  and  living  beings,  both  animal  and  vegetal>le, 
on  their  jiroduction  and  development, — in  a  word,  on  the  life  on  the 
surface  of  the  globe;  it  acts  in  such  a  continuous  manner  on  the 
health  of  man  and  his  auxiliaries,  that  the  problem  which  consists  in 
(lotcruuning  its  variations,  periodicity,  and  anomalies,  is  surely  one 
of  the  most  interesting  in  meteorological  science.     But  its  complexity 
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is  such,  that  it  is  not  possible  to  touch  upon  it  here  or  even  to  glance 
at  it ;  we  shall  content  ourselves  with  describing  the  instruments  used 
in  the  observation  of  the  temperature  of  the  air.  We  already  know 
the  nature  of  the  different  kinds  of  thermometers  used  to  this  end :  it 
only  remains  for  us  to  speak  of  the  form  given  to  them,  when  we 
desire  to  know  the  highest  or  lowest  temperature  which  the  air  has 
attained  during  a  certain  interval  of  time.  These  are  termed  moan' 
mum  and  minimum  themumteters. 

Fig.  453  represents  an  instrument  of  this  kind  invented  by 
Rutherford;  it  consists  of  two  thermometers,  one  of  mercury  and 
the  other  of  aleoliol,  placed  horizontally  on  a  wooden  frame.  In  the 
interior  of  the  first  tube,  a  little  cylinder  of  steel  or  enamel  is  in 
contact  with  the  surface  of  the  mercury,  which  the  liquid  forces  l^eforc 
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it  as  long  as  the  temperature  rises ;  but  which  it  leaves  in  its  place, 
at  the  most  distant  point  of  its  course,  when  the  temperature  falls. 
The  end  nearest  the  mercuiy  evidently  indicates  the  maximum  tem- 
perature. In  the  tube  of  the  alcohol  thermometer  is  an  enamel 
cylinder  which  the  alcohol  moistens  and  leaves  in  its  place  when 
the  temperature  rises,  and  which  it  draws  with  it,  when  it  falls. 
The  minimum  is  then  given  by  the  end  of  the  cylinder  furthest 
away  from  the  reservoir.  When  the  instrument  is  adjusted  for  an 
observation,  care  must  be  taken  to  bring  the  two  indices  to  the 
extremities  of  each  liquid  column ;  one  is  in  contact  with  the 
mercury,  and  the  other  is  immersed  in  the  alcohol,  the  end  most 
distant  from  the  reseiToir  being  on  a  level  with  the  surface  of  the 
liquid. 

To  observe  maximum  and  minimum  temperatures  at  great  depths, 
in  the  sea,  or  lakes,  or  Artesian  wells,  upright  thermometers  are 
used,  among  which  we  may  de.:cribe  those  of 
M.  Walferdin. 

The  maximum  thermometer  is  constructed  like 
a  common  mercurial  thermometer;  but  the  ex- 
ti'emity  of  the  tube  is  brought  to  a  point,  and  con- 
nected with  a  lateral  reservoir  which  contains  a 
certain  quantity  of  mercury.  When  an  observ^ation 
is  to  be  made,  the  reservoir  is  heated  until  the  mer- 
cury entirely  fills  the  tube,  then  the  instrument 
is  reversed,  the  reser\'oir  being  uppermost;  the 
mercury  in  the  lateral  reservoir  is  now  on  a  level 
with  the  point,  and  on  cooling  to  a  lower  tempera- 
ture than  that  of  the  maximum  to  be  determined, 
the  tube  remains  always  filled  with  nujrcury. 
The  instrument,  thus  prepared,  is  placed  in  the 
medium  to  be  observed.  As  long  as  the  tem- 
perature rises,  the  mercury  flows  into  the  reservoir, 
and  at  the  moment  of  the  maximum  the  tube  will 
be  still  filled.  The  instrument  being  removed  from 
the  medium  and  reversed,  the  maximum  tempe- 
rature will  be  found  by  heating  the  thermometer  in  water  until  the 
column  of  mercury  is  again  on  a  level  with  the  passage  leading  into 
the  lateral  reservoir. 


Fio.  454. — Maximum  ami 
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of  M.  Walferdin. 
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ji    ^jsmsoi^  ' ir  l«tAii  I  -w^  js7^  «R2i  iiitr  isr^BisCiciR  sLov. 


1^  ^vacfjiK  Ji  "inr  jff^t  si  \  911111110  if  3iiM]>!ii  J  Tae  !ncr^«:i>iiii:: 
^jracrvxs  XT  -txhk  TinamzK  if  "se  icauifraius^  T^sssh  •c€i!:Z^ivn5 
\f  "i.::^  Minmeszrc  niuiiin  iar%  ttt  -"nnpu^r  lenafi^L-:^!  iSKSies.  If 
"tif^  iCBfMDiusTe  !niiiiira  "voim  JiiK^  xariu  1117  -Knini  $7r{»!«  were 

or  \r  v*i:cn  lui-r  r>iiinm  a  vimxsisif^A^  t^i  vnjirh  arrs:  l«  ^ided 
"J?  iiFjium>  T»*5ut:ntr  ^\tn  rM  *iwci:n7^  Y  •iis  -nro^r  vhicL 
>  1I13M.  TTin  X  jnr  "am  nan*  if  -»m:Ii3mai  Dever  exi<.«  on 
ur-  larr  if  *:»  r»i»»e  "r!iit  ?^*wnflF  5,r  ?:  ar»  osf  r  understood, 
tn^L  Tii'ff»*n-a?:  imeHtrt  aifTr»  ir  j»fl»  rir^cclj  f?ofn  tLe  sune  cause ; 
isKEOi^r   ~ni^  kmim   if  iniar  jmul 

I!i»*  ''Sill  vTiai*  til*  fflETH!*  .f  tift  iniLai:  uki  tL*  «>tnra  of  suj^-r- 
'K'Vs*!  ur  n  m**'  liisieft  '^'srj  «ziHiiisft4lr.  uwx.TiLOf.  to  the  hour  of  tbe 
is»7  uut  ^iH  -mtt   »f  ^ii»  j»^*     la*  au:r?  ecifesadeimUe  tLis  Leatiii*: 
imun  Ji:.  I'iif  3iifT^  3f  "nifr  mr  expua^i.  aiki  the  more  mdilr  does 
.c   7!»s   *)7    aminiicna    if  JmsCT.      £«n   ».  at  the  same  instant. 
iV   T^irims  xiTR    TT  iH»   fsicaac  from  the  fir^t  are  in  dideient 
"-.fitfini.n!?.  tii?!^  juuag  ^  a*  eqzilibriinii :  then  the  hii»he$t  strata 
.f  i:t  p«m   fr:m.  121^    *iiiiimt  p^^jO  towards  the  coldest,  and   a 
^^M.^'^fZJrzx   ;a   a  €»:«3nr7  •iirwtioo  takts  place   below, — that  is,  a 
yoficizn  *Jl  ti^  dKa«£r  a3»i  cotisr  strata  of  air  towards  the  wami 
r»^>n.     TL:«  tru&fcrt  Ki  massees  til  air  from  one  place  to  another 
i«  tLe  cas.*^  of  wi»lsL     Now,  it   is  clear  that  at  the  oimmence- 
ment  of  thL*  movement  a  diminution  in  the  barometric   pressure 
will   r^  prjdac#<l  wtrn  the  air  has   been  expanded  by  the  eleva- 
tion of  t^nij-eratnnr :  then  al<o  an  augmentation  will  result  when 
the  temperature   i«   lower,  the  weight   of  the   air  being   increased 
bv   tlie   whole   w*-ii:ht   of  the  strata  which  are  spread  out    on   the 
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upi^.r  surface  of  the  atmosphei-e.  But  it  must  not  be  forgotten  that 
the  heating  action  of  the  sun  produces  at  the  same  time  a  contrary 
etfect.  The  vajwur  contained  in  the  air  increases  its  elasticity 
as  the  temperature  rises,  so  that  if  the  barometric  column  falls 
when  the  density  of  the  air  diminishes,  at  the  same  time  it  rises 
under  the  influence  of  the  increase  of  tension  of  the  aqueous  vapour. 
The  difference  of  these  two  contrary  movements  produces  the 
barometric  variation. 

Lastly,  it  is  probable  that  atmospheric  currents  act  in  another 
manner  on  the  column  of  mercury  of  the  barometer.  For  in- 
stance, if  an  aerial  current  is  propagated  from  above  downwards, 
its  influence  will  depend  not  only  on  its  weight,  but  also  on  the 
velocity  with  which  the  gaseous  mass  will  be  moved,  just  as  if, 
as  M.  Mari6-Davy  has  well  said,  the  winds  have  for  their  original 
cause  a  difference  of  pressure  occasioned  by  the  inequalities  of  tem- 
perature; they  react  on  themselves,  producing  variations  of  pres- 
sure. It  has  been  noticed  that,  at  the  same  place,  the  barometric 
column  undergoes  diurnal  oscillations  and  variations  which  follow 
the  seasons  of  the  year :  both  are  subjected  to  a  peiiodicity 
which  agrees  with  the  preceding  explanations.  But  this  same 
height  is  subjected  to  irregular  variations,  the  causes  of  which 
are  extremely  complex. 

Thus,  the  barometer  rises  or  falls  according  t<)  the  direction  of 
the  prevailing  wind.  At  Paris  and  over  a  great  portion  of  Europe, 
the  barometric  pressure  is  generally  higher  with  the  north,  north- 
east,  and  east  wind  than  with  the  south,  south-east,  or  south-west 
wind.     In  the  southern  hemisphere,  the  contrary  takes  place. 

We  will  conclude  this  explanation  of  the  causes  which  produce 
the  principal  atmospheric  phenomena,  by  a  short  description  of 
electrical  and  magnetical  meteors. 

In  1735,  Gray  pointed  out  the  analogy  which  exists  between 
lightning  and  the  noise  of  thunder  during  storms,  and  the  spark 
and  sharp  sound  produced  by  an  electrical  discharge.  But  it  is 
to  Franklin  that  the  honour  belongs  of  having  established  by  deci- 
sive experiments  the  identity  of  the  causes  of  these  two  phenomena. 
In  1749,  this  illustrious  physicist,  after  having  noticed  all  the 
similaritiefl  between  thunder  and  electricity,  which  had  been  hinted 
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at  by  preceding  observers,  conceived  the  possibility  of  utiliii 
the  power  of  points  to  preserve  edifices  from  lightning.  At 
same  time  he  gave  all  the  indications  necessary  for  detect 
by  experiment  the  electrization  of  thunder-clouds.  Three  y< 
later,  he  used  a  kite  sunnounted  by  a  metallic  point  to  draw  spg 
from  the  string  wetted  by  the  rain.  Neariy  at  the  same  time  Dalit 
realized  in  his  celebrated  experiment  at  Marly-la- Ville,  the  conditi 
which  Franklin  had  proposed,  and  De  Eomas  raised  an  electr 
kite  at  Ndrac.  During  a  slight  storm,  this  last  observer  was  abh 
draw  sparks  4  metres  (13  feet)  in  length  from  the  extremity  c 
cord,  by  means  of  a  discharger;  the  explosions  might  be  compt 
to  those  of  fire-arms. 

Lastly,  De  Saussure  discovered  by  an  electroscope  surmountec 
a  metallic  rod,  that  thunder-clouds  are  electrified  sometimes  positi^ 
and  sometimes  negatively.  When  two  clouds  charged  with  conti 
electricities  come  together,  the  violent  combination  of  the 
electricities  gives  rise  to  the  production  of  a  spark,  which 
lightning.  If  the  discharge  takes  place  between  a  cloud  and 
earth,  the  same  luminous  phenomenon  is  seen ;  but  then  the  thui 
is  said  to  fall  and  the  lightning  is  called  a  thunderbolt 

The  form  of  lightning  is  sometimes  that  of  a  sinuous  curve, 
sometimes  that  of  a  zigzag  rectilinear  line ;  at  other  times  it  does 
take  any  precise  and  determined  form,  and  only  produces  a  confi 
glimmer  illuminating  that  portion  of  the  sky  in  which  it  appears, 
the  last  appearance  is  probably  owing  to  the  interposition  of  cl< 
which  hide  the  actual  flash  from  the  observer.  There  is  also 
lightning,  which  moves  like  a  globe  of  fire  through  the  atmospl 
with  much  less  velocity  than  that  of  other  kinds  of  lightning, 
often  happens  that  the  electric  flash  of  thunder-clouds  is  div 
into  several  branches,  forming  what  is  called  forked  ligMning, 

The  colour  of  the  light  of  lightning  is  usually  white,  somet: 
purplish  or  violet,  or  greenish. 

Sir  Charles  Wheatstone  has  measured,  by  a  very  ingenious  met 
the  mean  duration  of  a  flash  of  lightning.  He  used  a  wheel  ha 
a  great  number  of  flat  silver  spokes,  whicli  was  turned  with  { 
rapidity  on  its  axis ;  the  wheel  being  suddenly  illuminated  durin 
rotation  by  a  light  with  an  appreciable  duration,  for  instance  i 
a  second :  each  spoke  being  displaced  during  that  time  will  aj 
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tliickened  on  account  of  the  persistence  of  the  luminous  impressions 
on  the  retina;  the  matter  of  the  wheel  will  appear  more  or  less 
continuous.  The  same  thing  takes  place  with  a  carriage  wheel  which 
rapidly  passes  before  us.  Now,  Wheatstone  greatly  increased  the 
rapidity  of  the  rotation,  and  always,  when  the  lightning  illuminated 
the  wheel,  it  seemed  immoveable,  and  the  spokes  remained  distinct 
to  the  sight  and  at  rest.  He  concluded  from  numerous  experiments 
that  lightning  does  not  last  so  much  as  a  thousandth  part  of  a 
second. 

The  violence  of  the  discharge  which  is  effected  between  two 
thunder-clouds  gives  rise  to  the  noise  which  we  know  under  the 
name  of  tJiunder.  It  must  be  remarked  that  the  explosion  is  much 
sharper  and  more  brilliant  the  nearer  the  lightning  is  to  the  observer, 
but  in  almost  every  case  the  detonation  is  accompanied  by  a  pro- 
longed roll.  The  cause  of  this  persistence  of  the  noise  of  the 
discharge  is  due  probably  to  two  causes :  first,  it  has  been  proved 
that  a  flash  of  lightning  is  often  many  kilometres  in  length,  and  one 
of  the  two  extremities  may  be  nearer  the  person  who  listens  than  the 
other ;  and  although  the  sound  is  produced  at  the  same  instant  in 
the  whole  length  of  the  flash,  as  it  takes  one  second  to  travel 
340  metres,  many  seconds  will  be  required  for  a  distance  of  10 
kilometres.  Moreover  the  sound  reflected  from  the  clouds  and  the 
ground,  gives  rise  to  echoes  more  or  less  prolonged.  The  zigzag  form 
of  lightning  also  explains  how  it  is  that  the  roll  of  thunder  does  not 
die  away  gradually,  and  that  during  its  duration  it  is  heard  louder  at 
different  times. 

The  effects  of  thunderbolts  present  a  perfect  analogy  with  those 
produced  by  electrical  discharges  in  machines  and  batteries ;  only 
they  are  infinitely  more  intense,  as  we  may  well  imagine  from  the 
prodigious  grandeur  of  the  scale  on  which  Nature  works.  They  have 
been  seen  to  overturn  and  carry  to  a  distance  considerable  masses, 
such  as  walls  and  masses  of  rock ;  to  melt  and  volatilize  metals,  to 
pierce  holes  through  sand,  which  is  then  found  vitrified  and  forms  a 
kind  of  tube  known  as  a  fulgurite.  This  last  and  singular  pheno- 
menon has  l)een  produced  by  the  help  of  the  great  battery  of  the 
Conservatoire  des  Arts  et  Metiers,  and  tubes  have  been  obtained 
similar  to  fulgurites  by  passing  a  discharge  through  a  bed  formed 
of  sand  mixed  with  salt. 
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We  have  said  above  that  lightning  sometimes  reverses  the  poles  o 
the  magnetic  needles  in  compasses,  or  completely  demagnetizes  them 
at  other  times,  it  produces  a  contrary  phenomenon  and  magnetizes 
pieces  of  steel  which  it  strikes. 

Its  physiological  effects  are  not  less  curious  ;  unfortunately  the} 
are  sometimes  terrible.  Men  and  animals  struck  with  lightning  an 
often  killed  on  the  spot.  There  are  one  or  two  examples  in  whicl 
the  sliock  produced  by  it  has  cured  persons  afflicted  with  paralysi* 
and  riieumatism. 

Thunder-clouds,  when  they  pass  over  objects  situated  on  the 
ground,  electrify  them  by  induction.  Such  is  the  cause  of  the 
luminous  tufts  which  are  sometimes  seen  at  the  summits  of  pointet 
edifices,  masts  and  ships'  yards.  These  faint  lights  the  ancients 
re*;arded  as  warnings,  and  sailors  now  call  Saint  Elmo's  fires ;  the) 
are  explained  by  the  considerable  electric  tension  which  conductors 
have  when  terminated  in  a  point. 

When  we  describe  the  lightning-conductor  in  the  work  whicV 
will  follow  this  volume,  we  shall  give  details  of  the  course  follower 
by  lightning  and  the  means  of  preservation  from  its  terribli 
influence. 

We  have  already  mentioned  the  magnificent  phenomenon  knowr 
as  the  j>olar  aurora,  which  is  seen  in  all  its  beauty  in  the  northerr 
and  southern  regions  of  our  globe.  It  is  now  no  longer  a  mattei 
of  doubt  that  there  exists  a  relationship  between  this  luminouj 
phenomenon  and  terrestrial  magnetism;  that  is,  between  the  pro- 
duction of  the  aurora  borealis  and  the  variations  of  the  electric 
currents  which  intersect  the  earth.  Arago  established,  by  exact 
observations,  the  coincidence  of  certain  perturbations  of  the 
magnetic  needle  with  the  appearance  of  aurone.  These  agitations 
commence  many  hours  before  the  appearance  of  the  light,  ami 
they  are  more  and  more  intense  during  its  continuance.  A  magni- 
ficent experiment  of  M.  de  la  Rive  has  placed  beyond  doubt  tht 
electrical  or  magnetic  nature  of  the  aurora. 

The  aurorje  boreal es  are  visible  in  our  climate,  but  thev  are 
rai'e  and  of  short  duration.  "  In  the  north,"  says  M.  Charles  Martins 
"  the  phenomenon  is  seen  with  such  a  brilliancy  and  magnificence 
that  nothing  can  be  compared  to  it.     Bright  and  varied  like  fire- 
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works,  this  8i>eclacle  changes  every  instant.  The  painter  has  not 
time  to  seiz3  the  forms  and  tints  of  these  fugitive  lights;  the  poet 
must  give  up  describing  them.  Never  does  one  aurora  borealis 
resemble  another;  they  vary  infinitely."  {Du  Spitzbery  au  Sahara.) 

The  aurora  borealis  re[)roduced  in  Plate  IX.  from  the  beautiful 
))lates  in  the  Voyage  an  SpUzberg  et  en  Laponic,  the  observation  and 
description  of  which  are  due  to  M.  Ix)ttin,  will  give  some  idea 
of  tlie  magnificence  of  the  phenomenon.  The  following  is  also 
a  description  which  we  have  lx)rrowed  from  M.  Charles  Martins, 
one  of  the  savants  who,  with  M.  Bravais,  Lottin,  &c.  composed  tlm 
scientific  commission  of  the  expedition  : — 

"  Sometimes  the  luirorae  are  simple  diffused  lights  or  lumi- 
nous sheets;  sometimes  agitiited  rays  of  a  brilliant  white,  \\liich 
pass  over  tlie  whole  firmament,  starting  from  the  horizon  as  if 
au  invisible  pencil  passed  over  the  celestial  vault;  sometimes  it 
is  at  rest ;  the  unfinished  rays  do  not  reach  the  zenith,  but  the 
aurora  is  continued  at  another  point;  a  cluster  of  rays  starts  out, 
spreading  fan-like,  then  gets  fainter  and  disappears.  At  other 
times  long  golden  draperies  float  over  the  head  of  the  spectator, 
folding  over  each  other  in  a  thousand  ways,  and  undulate  as 
if  the  wind  agitated  them.  In  appearance  they  are  slightly 
raised  in  the  atmosphere,  and  one  was  astonished  not  to  hear 
the  folding  of  the  sheets  which  glided  one  over  the  other.  Most 
often,  a  luminous  arc  is  spread  towards  the  uoith ;  one  black 
segment  separates  it  from  the  horizon,  and  contrasts  by  its  dee]) 
colour  with  the  arc  of  brilliant  white  or  red  which  darts  out 
its  rays,  is  extended,  divided,  and  soon  represents  a  luminous  fan 
which  fills  the  noithern  sky,  rises  gradually  towards  the  zenith, 
where  its  rays,  on  uniting,  form  a  crown  which,  in  its  turn,  darts 
luminous  jets  in  every  direction.  Then  the  sky  appears  a  cupola 
of  fire;  blue,  green,  yellow,  red,  and  white  join  in  the  palpitating 
rays  of  the  aurora.  But  this  brilliant  spectacle  only  lasts  a  few 
seconds.  The  cn>wn  just  ceases  to  send  out  its  luminous  jets, 
then  by  degrees  fades  away :  a  diflused  light  fills  the  sky  ;  here 
and  there,  some  luminous  patches,  similar  to  light  clouds,  spread 
themselves  and  contract  with  wonderful  activity,  like  a  heart 
which  palpitates.  Soon  they  in  their  turn  fade :  all  is  confused 
and  is  effaced ;  the   aurora   seems   to   be   in   its   agony  :   the  stars. 
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which  its  light  obscured,  shine  with  a  fresh  brightness,  and  the  lor 
polar  night,  dark  and  profound,  again  reigns  in  sovereignty  on  tl 
snowv  solitudes  of  the  earth  and  ocean." 

Bravais — in  discussing  the  forms  of  a  great  number  of  arcs,  chose 
from  among  the  more  regular  ones,  which  had  been  observed  simu 
taneously  by  two  observers,  and  taking  one  seen  at  Bossekop  and  \ 
Jupvig,  distimt  from  the  first  station  about  15  kilometres — showe 
that  they  could  be  considered  as  circular  rings  in  perspective,  haviii 
their  centre  on  the  radius  of  the  earth  directed  towards  the  magnet: 
pole,  and  their  plane  perpendicular  to  this  radius.  He  moreover  coi 
eluded  that  the  height  of  the  rings  above  the  surface  of  the  earth  : 
comprised  between  100  and  200  kilometres,  so  that  these  phenomen 
occur  in  the  regions  near  the  extreme  limits  of  the  atmosphere. 

The  brilliancy  of  the  brightest  aurora  is  considerable.  Brava; 
was  able  to  read  by  tliis  light  a  page  of  small  print  almost  i 
easily  as  by  the  light  of  the  full  moon.  Aurone  are  then,  to  tb 
sparse  inhabitants  of  the  icy  regions  near  the  poles,  beneficei 
phenomena,  and  a  distraction  during  the  long  nights  lasting  half 
year ;  they  contribute  with  the  brightness  of  the  moon  and  twiligl 
to  destroy  the  sadness  and  monotony  of  Nature  as  she  shows  hersel 
in  tliose  inliospitable  regions. 
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yEpiiius,  lii»  mctlioil  of  mnj^nctization,  ,024 ; 
his  electrical  coinK'iisrr,  itlO. 

Aerolites,  15. 

Air,  its  wei^lit  and  othor  qiiiilitiea,  84. 

Air-coudniiHiiig  inachincs,  115. 

Air-pump,  85,  107,  129. 

Alcoliol,  vaporization  of,  449. 

Alcohol  thennonicterii,  427. 

Aldini's  electrical  exi)erinicuts,  603. 

Amber,  its  electrical  projwrty  known  to 
the  ancients,  531,  532,  535. 

Amianthus,  its  inoombuHtibility,  482. 

Ampere,  his  resi*arches  in  eleciro-niagnct- 
ism,  605,  611,  613,  619. 

Analysis  of  light,  309  (mc  Spo-trum 
Analysis). 

Aneroid  barometers,  100. 

Angstrom,  his  map  of  linos  in  the  solar 
spectrum,  325,  333,  355. 

Aqueous  meteors  [see  Atmospheric  Me- 
teors). 

Arabs,  their  early  use  of  the  compass,  519. 

Arago,  his  researches  :  velocity  of  sound, 
183;  photometry,  245;  undulatory 
theory  of  light,  363  ;  chromatic  i)olan- 
zation  of  Tight,  392,  405 ;  electro- 
magnetism,  615. 

Archime<les'  principle  of  the  loss  of  weight 
of  immersed  boaics,  74  ;  its  application 
to  gases,  115. 

A  returns,  heat  radiated  by,  496. 

Areometer,  or  Hydrometer,  80. 

Annstron^'s  hydro-electrical  machine,  559. 

Asbestos,  its  incombustibility,  482. 

Atmosphere,  84. 

Atmospheric  currents,  their  effect  on  the 
barometer,  665. 

Atmospheric  Meteors,  Book  VII.,  643- 
670. 

Attraction,  laws  of,  13,  16. 

Attraction  and  repulsion  :  magnetic,  512  ; 
electrical,  531. 

Attwood's  machine,  24,  25. 

Aurora  borealis,  220  ;  its  electric  or  mag- 
netic nature,  521,  668 ;  described,  as 
men  at  Spit2b«i^g«n,  669. 

Aralanclics,  7. 
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Bartholin,  Dr.  Erasmus  bis  discover}'  of 
double  refraction  of  light,  376. 

Beam.s,  poncils,  and  rays  of  light,  225. 

Becquerel,  Kdniond,  his  resc-arehes  on 
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8eoi>e,  345. 

Bianchi's  air-pump,  111-113. 
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343  ;  properties  of  tourmaline,  391  ; 
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tion, 892  ;  chromatic  polarization,  399, 
405. 

Bi-refraetive  substances  {see  Double  Ke- 
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Bismuth,  its  low  power  as  a  heat  conductor, 
479,  480  ;  specific  heat,  487. 

Bologna,  I/eauiiig  Tower  of,  50. 

Bologna  phosphorus,  342. 
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Bouguer  s  photometer,  244. 
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Boyle's  improvements  of  the  air-pum]s 
107. 

Brandt's  discovery  of  phosphorescence,  341. 

Breguet's  metallic  thermometer.  430. 
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the  solar  spectnim,  826  ;  interference  of 
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Btistol  Cathedral,  effects  of  heat  and  cold 
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Bninuer  on  expansion  of  ice  by  heat,  439. 

Buffon*s  experiments  with  burning  mirrors, 
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Bunsen's  discoveries  in  spectrum  analysis, 
328-830  ;  his  electric  battery,  597. 
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Earthquakes,  6,  124,  131,  Itfl. 
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Electricity,  Book  VI.,  529-642. 
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city of  light,  235  ;  experiments  on  tlie 
velocity  of  light,  356  ;  contraction  of 
iodide  of  silver  by  heat,  439  ;  electro- 
magnetism,  620  ;  the  voltiiic  arc,  638. 

Florentine  Academicians,  their  experi- 
ments on  the  compressibility  of  liquids, 
61,  103  ;  on  the  weight  of  iiir,  88. 

Fogs,  659. 

Fon»e-pump,  105. 

Fortin,  his  impi-ovements  in  barometers, 
96,  97. 

Foucault,  L^on,  his  measurement  of  the 
velocity  of  light,  235,  237,  353,  356  ; 
improvement  on  Bouguer^s  photometer, 
245 ;  discoveries  affecting  the  solar 
spectrum,  331 ;  researches  in  electro- 
magnetism,  628  ;  the  voltaic  arc,  638. 

FounUins,  71,  93. 

Frankland  and  Liockyer,  their  researches 
in  spectrum  analysis,  329. 

Franklin's  exi)eriments :  on  absoq)tion  of 
heat,  472  ;  causes  of  thunder  and  light- 
ning, 6C5. 

Fraunhofer's  discovery  of  dark  lines  in  the 
solar  spectrum,  323-332,  337,  339  ; 
laws  of  diffraction,  358,  364. 

Freezing  {see  Congelation,  Ice) 

Fresnel  s  iiroofs  of  the  undulatory  theory 
of  light,  352,  403 ;  diffraction  phe- 
nomena, 358  ;  experiment  of  the  two 
mirrors,  360,  361 ;  double  refraction  of 
li|rht,  383. 
Friction  a  source  of  heat,  500. 
Friction,    electricity    pro<luced    by,    631, 

532. 
Fusion  of  solid  liodies,  444. 


G. 

Galileo's  experiments  :  on  falling  bodies, 
16  ;  inclined  plane,  23  ;  weight  of  air, 
86 ;  motion  of  the  pendulum,  35  ;  air 
thermometer,  427. 

Oalvani's  electrical  experiments,  585,  602. 

Galvanometer,  its  Invention  by  Nobili, 
609. 

Ga.ses,  weight,  elasticity,  compressibility, 
and  density  of,  86  ;  pressure  of,  118 ; 
their  expansion  by  beat,  441. 

Gas  microscope,  305. 

Gay-Lussac's  improvements  in  barometers, 
96,  98  ;  expansion  of  gases,  442  ;  iu- 
strument  for  measuring  heat-conduct- 
ing powers,  478 ;  electrical  experi- 
ments, 602. 

Geissler's  tubes :  stratification  of  the  elec- 
tric light,  642. 

Geology  affecteil  by  gravitation,  5. 

Ghost  pro4luced  by  reflected  light,  271, 
273. 

Gilbert,  William,  his  discoveries  in  elec- 
tricity, 531. 

Glaciers,  7. 

Glass  :  fusion  of,  444  ;  electricjil  properties 
of,  532,  535,  536 ;  perforated  by  elec- 
tricity, 578. 

Gold,  its  heat-conducting  power,  479. 

Goniometer,  258. 

Graphic  study  of  sound  vibrations,  155, 
197. 

Gravosande's  improvements  of  the  air- 
pump,  107. 

Gravity,  Book  I.,  1-119. 

Griinaldi's  experiment :  diffraction  of  light, 
357,  361. 

Guoricke,  Otto  de,  the  inventor  of  the  air- 
pump,  86,  107  ;  of  the  Magdeburg 
iiemispheres,  91  ;  of  the  baroscope, 
115. 


H. 

Hail  and  sleet,  660. 

Halilat's  instrument    for   measuring    the 
j»rc8siire  of  liquids,  66. 

Hnuiiigand  the  Voice,  208-214. 

Hkat,   I^)ok  IV.,  415-508. 

Hc'ut   produced  by  electricity,  679,    682, 
698,  600. 

Heat,  French  and  English  units  of,  Introd. 
C/Mp.f  xxxviii 

Heliography,  338. 

Heliostat  for  constant  reflection  of  solar 
ravs,  258. 

Helinboltz.  his  resonance  glol>e,  205  ;  on 
colours  of  non-luminous  bodies  319. 

Herschel,  Sir  John,  on  measuring  the 
intensity  of  light,  239  ;  rerracti<»n  of 
light,  283  ;  colours  of  non-luminous 
bodies  314;  weight  of  molecules  of 
light,  360  ;  experiments  on  diffraction, 
362  ;  iH>larization  of  light,  392. 


Cui] 
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Hoar-frost,  659. 

Uuyghens,  his  un>luIatory  theory  of  light, 
850,  861  ;  double  refraction  of  light, 
876  ;  polarization  of  light,  886,  892. 

Hydraulic  press  or  ram,  62. 

Hydraulic  tourniquet,  68. 

Hydrometers,  80. 

Hydrostatic  balance,  81. 

Hydrostatic  phenomena,  62. 

Hygrometers,  De  Suus&ure's  hair  hygro- 
meter, 655. 

I. 

Ice  :  its  expansion  by  heat,  489,  443,  444  ; 
ice-leu8«8,  464 ;  a  stmrce  of  heat  to 
colder  bodies,  4^2  ;  melted  by  friction, 
501  ;  electrical  i)ro|)erties  of,  585,  582  ; 
its  crystalline  texture,  ice-flowers,  661. 

leebercs,  7. 

Iceland  sfiar,  dou'>  1e  refraction  proiluced 
by,  876-888 ;  polarization  of  light, 
886 ;  its  eontr.iction  and  expansion, 
438  ;  altsorptioii  of  heat,  478 ;  conduc- 
tivity of  hi*at,  4hO. 

Indium  >li:iCovered  by  spectrum  analysis, 
329. 

Induction,  phenomena  of  («e«  Electricity). 

Interforcnco  of  luminous  waves,  358-866. 

liHlide  of  silver,  its  contiuction  by  heat, 
4:j9. 

Iridesient  colour<«  in  thin  plates,  867. 

Iron  :  its  exitiiusion  and  contraction  by 
heat  and  cold,  \M,  438  ;  fusing  i>oint, 
444 ;  heat-couitucting  power,  479, 
480  ;  specific  heat,  487  ;  as  a  magnetic 
substance,  509  -fiiS  ;  fusion  by  electri- 
city, 598  ;  by  electro-magnetism,  630  ; 
magnetization  of,  CI  4,  626. 

J. 

Joul.\  Dr.,  experiments  on  the  mechanical 

e<iuivalont  of  heat,  505. 
Jupiter's  sjitellites,  their  eelipses  a  proof  of 

the  velocity  of  light,  2S2. 

E. 

Kaleidof^cone,  256. 

KinnerMley  s  tliernu  meter,  566. 

Kiivhhotl's  disj'dvrrii'S  :  lines  in  the  solar 
s]K'etruin,  825,  831  ;  new  metals  dis- 
covered by  spectrum  analysis,  828, 
329. 

Ko»»nig,  M.,  his  optical  study  of  musical 
Koumls  by  m.inometric  tlameii,  199- 
203. 


Laplace  and  Lavoisier:  their  measurement 
of  linear  expuijjsion  of  solids,  430  ;  ice 
calorinioter,  490  ;  experiments  on  com- 
bustion, 490. 

Leaning  Tower  of  Pisa,  16,  60 ;  of  Bologna, 
50. 


Leichtenberg's  distribution  of  positive  ai 
negative  electricities,  574. 

Length,  French  and  English  units  c 
Introd,  Chap.f  xxxv. 

Lens  of  the  solar  microscope,  804 ;  of  t) 
spectroscope,  827 ;  diverging  and  co 
vei^ng  lenses,  their  form  and  fo* 
images  seen,  291,  800 ;  lens-prism 
the  camera  obscura,  801  ;  megasi'op 
802  ;  magic  lantern  phantascoiie,  80; 
solar  microscope,  304  ;  used  in  discovc 
ing  the  colours  of  thin  plates,  861 
buming  glasses,  Buffou's  echelon  lei 
468,  464;  lire  procured  by  lenses 
ice,  464. 

Le  Houx  on  the  electric  light  and  volt£ 
arc,  639. 

Leslie,  his  differential  thermometer,  421 
his  experiments  on  the  emissive  powt 
of  heat  in  Inxlies,  466. 

Leydcn  Jar,  567. 

Light,  Book  III.,  215-412. 

Light,  Electric,  681-642. 

Lightjiing,  cause  and  phenomena  of:  e 

Iieriments  of  Franklin,  Dalibard,  J 
{omos,  De  Saussure,  aiid  Wheatstoi 
220,  665-608. 

Liijuids,  weight  of,  58 ;  cohesion,  5 
compressibility,  61  ;  pressure,  6 
density,  70 ;  si)ecific  gravity,  8 
expansion  by  heat,  432,  489.  (.^ 
Ebullition,  Evaporation,  Heat,  Vapo 
zatipn. ) 

LissHJous  method  for  the  optical  stu 
of  musical  sounds,  198-199. 

Lockyer  and  Fninkland,  their  rcsearcl: 
in  spectrum  analysis,  329. 

Magdeburg  hemispheres  illustrating  atn 

spheric  pressure,  92. 
Magic  lantern,  303. 
Magic  mirror,  257. 
Maonctism,  Book  v.,  509-528. 
Mains,    his  disj'overy   of  polarization 

light  by   retloctiou  and  simple  rvfn 

tiou,  392. 
Manometer,  110. 
Mariotte's  law  of  the  compressibility 

giiscH,  102-118. 
Ma&s  distinguished  from  weight,  46. 
Mass,  Frendi  ami  English  units  of,  lutrt 

Cfuip.f  xxxvii. 
Mattcucci*s     researches     ou    phosphor* 

cenee,  343. 
Mayer,  Dr.,  his  theory  of  the  meel.anit 

e<juivalent  of  heat,  r>05. 
Mechanical     equivalent      of    heat,     4> 

505. 
Mechanical    woik,    Fi-ench    and    Engli 

units  of,  fnfrtxi.  Chap.^  xxxviii. 
Megascope,  303. 
Melloni,  his  thermo-electric  pile,    reflo^ 

ing  poweiY  of   heat   in   bodies,    46 
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measurements  of  diathermanous  powers, 
474. 

Mercury  :  cohesion  of  its  particles, 
Torricelli's  tube ;  tho  barometer,  89, 
94 ;  purity  of  the  li([uid,  94 ;  its 
expansion  by  heat,  421  ;  co-efficients 
of  cubic  expansion  by  heat,  440 ; 
temperature  of  vaporization,  449  ; 
specific  heat,  487.  {Ste  Barometer, 
Thermometers. ) 

Metalfl,  table  of  expansion  by  hcnt,  438. 

Meteorology :  dew,  clouds,  hour-frost, 
fogs,  snow,  sleet,  hail,  ice,  variations 
of  barometric  pressure,  wind,  659-655. 
{See  Barometer,  Thermometers). 

Meteors,  124,  131,  161. 

Mirage,  Mongers  theorv  of  the,  646. 

Mirrors,  252-270  :  plane,  252 ;  parallel 
or  inclined,  multiple  ri'flections,  254 ; 
kaleidoscope,  256 ;  concave  mirrors, 
259-264  ;  convex,  264  ;  cylindrical, 
267 ;  conical,  268 ;  magic  mirror,  or 
iwlemoscope,  257. 

Molecular  cohesion,  59. 

Monge,  his  theory  of  tho  mirage,  646. 

Moon,  The,  as  a  source  of  light,  220. 

Moriii's  machine  for  exhibiting  the  laws  of 
falling  iKxlitis,  24,  29. 

Motion,  phenomena  of,  6  ;  heat  a  source  of 
motion,  504  -508. 

Mother-of-pearl,  iridfH<.'ent  colours  of, 
365  ;  double  refraction  of,  .384. 

Muschcnbrocck,  his  iniprovcnienti  of  tho 
air-pump,  107  ;  experinK'nt  with  the 
Leydcn  jar,  567. 

Musical  sounds  :  "pitch,"  151  ;  the  gamut, 
185,  186;  intervals,  188;  modula- 
tions, 190 ;  major  scale,  8haq»s  and 
flats,  190  ;  minor  scale,  191  ;  optical 
study  of  sounds,  IJssajoUs'  method, 
193-199 ;  Kuenig's  eniployment  of 
manometric  flames,  li>0-203  ;  quality 
of  musical  notes,  clang- tint  or  timbre ^ 
204;  Helmholtz'H  p'sonanci' globe,  205; 
Krjenig's  apmratus,  206  ;  harmonics  iu 
vowel  soumls,  20 7. 

N. 

Nairne's  electrical  niachinp,  b58. 

Nocker,  M.  A.,  interference  of  luminous 
rays,  366. 

Newton's  researches  and  experiments :  on 
gravity,  34 ;  colours  in  light  sonrros, 
306,  309,  310,  311,  313;  emisHion 
theory  of  light.  349  ;  diffrat^tion,  858, 
36]  ;  the  soap-bubble  and  oolours  of 
thin  plates,  367  ;  coloured  rings,  369  ; 
the  rainbow,  650. 

Nicholson,  invent i<m  of  the  areometer 
ascribed  to  him,  80. 

Nicol's  prism,  polarization  of  light  shown 
by.  300. 

Nobili's  galvanometer,  609. 

Nollet,  Abb(^,  his  electrical  experiments, 
557.  567. 


0. 

Oersted's  discoveries  and  experiments  iu 

electro-magnetism,  604-619. 
Opacity  and  transparency,  222. 
Optical  or  luminous  meteors,  mirage,  646. 
Oxy-hydrogen  blowpipe,  499. 


P. 


Papin's  improvements  of  the  air-pump, 
107 ;  his  digester,  for  raising  the 
temperature  of  ebullition,  450. 

Pascal's  law  of  equal  pressures,  62  ;  his 
experiment,  the  hydrostatic  paradox, 
69  ;  experiments  on  the  pressure  of  the 
atmosphere,  89,  90. 

Pencils,  rays,  and  beams  of  light,  225. 

Pendulum  researches  of  Galileo  and 
Huyghens,  35  ;  law  of  its  motion, 
35. 

Penumbra,  226. 

Pennifwiou  a  source  of  heat,  502. 

Perier's  experiments  with  the  barometer, 
90. 

PhantascoiM?,  303. 

Phouautography.  or  graphic  study  of  sono- 
rous vibrations,  155. 

Phosphorescence  discoverc«l  by  Brandt, 
341  ;  the  glow-worm,  flowers,  animal- 
culnc,  &c.,  342  ;  Becquerel's  phosphoro- 
scope,  345. 

Phosjihoreseence  i)roducod  by  electric 
light,  642. 

Phosiiliunis,  electrical  properties  of, 
535. 

Photo-tleotrical  mi<rro5»eopo,  305. 

Photometers  :  Kunifonl's,  243  ;  Bouguer's, 
244. 

Pisa,  Leaning  Tower  ot,  16,  50. 

"Pitch "of  sound,  151. 

Planets,  as  sources  of  light,  219,  242. 

Plumb-line,  22. 

Pnenniatic-svringe,  88. 

Poisson  on  tue  undulatory  theory  of  light, 
363. 

Polarization  of  Light,  385-405. 

Polemo&cope,  or  magic  mirror,  257. 

Pouillet,  M.,  his  pyrlieliometer,  493, 
496 ;  researches  in  electro- magnetism, 
618. 

Pressure  :  of  the  air  upon  the  eaith,  86, 
91 ;  of  liquids,  62,  64 ;  on  bodies 
immersed  in  liquids,  73. 

Principle  of  Archimedes  on  the  pressure  of 
immersed  bodies,  74  ;  its  application  to 
gases,  115. 

Prism,  the :  its  geometrical  form,  devia- 
tion of  luminous  rays,  288-291 ;  lens- 
prism  of  the  camera  obscura,  301  ; 
decomposition  of  solar  light,  307  ;  its 
recom|)osition,  310. 

Prisms  employed  by  Fraunhofer  in  his  dis- 
coveries, 324. 
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Prisms  of  Icelaod  spar,  their  effect  in 
double  refraction  and  polarization  of 
light,  876,  386. 

Prisms,  Nicors  prism,  S90. 

Ptolemy's  oboenration  of  atmospheric 
refraction,  277. 

Pnmps,  102-119. 

Pyrheliometer  of  M.  Pouillet,  493. 

Pyrometers,  430,  439. 


Q. 

Qoartz,  its  unequal  conductivity  of  heat, 
480. 


R. 

Railway  accidents  caused  by  heat,  484. 

Kaiu,  8,  20. 

Kaiubow,  308,  650. 

Raniwlen's  plate-glass  electrical  machine, 
657. 

Ra}ni,  pencils,  and  l>eAms  of  light,  225. 

K^auniur*8  thermoiiu'tfr,  424. 

Reflection  of  Light  and  Sound  (set  Light, 
Sound). 

Refraction  of  Light  and  Suund  {see  Light, 
Sound). 

Rcfrangibility  of  coloured  rays,  807. 

Rvgnanlt's  air-condensing  pump,  117 ; 
compressibility  of  gases,  119 ;  cubic 
expansion  of  mercury,  440 ;  s]tecific 
heats  of  bodies,  487,  491  ;  mechanical 
equivalent  of  heat,  505. 

Resin,  its  electrical  prox>erties,  532,  535, 
536,  552,  561. 

Robertson's  phanta.scope,  308. 

Roohon,  Abbe,  experiments  on  solar  rays, 
luminous  and  calorific,  337. 

Rock-cr>'stal,  double  refraction  of,  388. 

Rock-salt,  a  non-al)sorl)ent  of  heat,  473. 

Roemer's  discovery  of  the  velocity  of  light, 
234. 

Rubidium  discovered  by  spectrum  analysis, 
329. 

RuhinkoHTs  induction  coil  and  commuta- 
tor, 627,  629. 

Runifonl's  photometer,  243 ;  his  differen- 
tial thermometer,  428  ;  experiments  on 
combustion,  499 ;  on  heat  produced  by 
friction,  500. 

Rupert's  drops,  or  Dutch  tears,  435. 

Rutherford's  photogra]>hs  of  the  solar  spec- 
trum, 338 ;  maximum  and  miniuium 
thennometers,  662. 


S. 

Safety-lamps,  481. 

St.    Elmo's  fires,  electric  lights  so  calletl, 

604,  668. 
Savart's  tootlied  wheel,  152  ;  illustrations 

of  the  vibrations  of  a  plate,  175. 


Scales  {see  Balance). 
Scattered  light,  316. 
Schwei^ger^   multiplier,    608    {su    £1 

tricity). 
Scientific    Units,    French   and   Eugli^ 

Introd.  Chap,,  xxxv. 
Seebeck's  Syren,  154 ;  researches  on  ao 

rays,   837  ;    chromatic  polarization 

light,  899. 
SezUnt,  258. 
Shadows,  226. 

Ships,  equilibrium  of,  76,  78. 
Silbermann's  condensing  pump,  116. 
Silhouettes,  227. 
Silver:  its  power  of  conducting  heat,  47 

specific  heat,  487  :  fusion  by  eiectricil 

598. 
Siphon,  106. 

Sirius,  velocity  of  its  movement,  355. 
81eet  and  hail,  660. 
Snell,  Willebrod,  his  discovery  of  the  la 

of  refraction  of  light,  277. 
Snow  and  snow  crystals,  660. 
Soap-bubble,  Newton's  study  of  the,  36 

372. 
Sodium,  its  spectrum,  328,  829. 
Solar  microscope,  302. 
Solar  prominences  in  eclipses,  334. 
Solar  spectrum,  307  ;  discovery  by  Wolb 

ton  and  Fraunhofer  of  dart  lines,  32? 
Solar  winds,  their  velocity,  856. 
Solenoid,  or  electrical  magnet  construct 

by  Ampere,  612. 
Sonometer,  164. 
Sound,  Book  IL,  121-214. 
Sources  of  heat,  492-508. 
Sj^ecific  gravity,  67 ;  of  bodies,  metho 

of  determining,    78;   of  liquids,   8i 

table  of,  83. 
Spectra  of  stars,  326 ;  of  metallic  vapou 

and  gnses,  327. 
Spectroscope,  327. 

Spectrum,  Solar  {see  Solar  Spectrum). 
Si>ectrum  analysis,  326-335. 
Stars,   as  sounvs  of  light,   219;    as  hei 

radiators,  496. 
Stokes,  Professor,  his  discovert'  of  metal! 

vapours  in  the  sun's  atmosphere,  331 

rhemical  solar  rays,  339. 
Suction  pump,  103,  105. 
Sun,  The,  as  a  source  of  light,  219,  242 

its  appearance  and  constitution,  intei 

sity   of  solar  heat,    493  ;    total    he; 

radiatefl,  495. 
Surface,   French  and    English    units  o 

Introd.  Ckap.f  xxxvi. 
Swimming-bladder  of  fish,  77. 
Syrens  for  measuring  vil)rations  of  souni 

153. 

T. 

Tem]M»raturc  of  space,  496. 
Temperature,   its  etl'ect  on  magnets,  52r' 
on  electricity,  543. 
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Terrestrial  Magnetism,  521,  525. 

Thalen's  researches  in  spoctrum  analysis, 
333. 

Thalliuni  discovereci  by  spectrum  analysis, 
329. 

Thermo-electric  pile  for  study  of  pheno- 
mena of  heat,  469  ;  its  use  in  measuring 
hcat-railiatiou  of  stars,  496. 

Thermometers :  eximnsion  of  gases  hy 
heat,  419 ;  tempKgratures  of  melting  ice 
and  boiling  water,  421  ;  determination 
of  zero  and  100^  422,  423  ;  thermo- 
metrical  scales,  Centigrade,  Fahrenheit, 
Reaumur,  and  DeliHle,  425 ;  Walferdin*s 
metastatic  thermometer,  426  ;  alcohol, 
ether,  and  gas  as  thermometers,  Galileo 
and  (Jornefius  Drebbol,  427  ;  Loslio 
and  Rumford's  differential  thermo- 
meters, 428 ;  metallic  dial  thcnno- 
metcr,  Br^guet's  metallic  thermometer, 
pyrometers, '  430 ;  Kinnerslny's  electri- 
cal thermometer,  t>^Q  ;  maximum  and 
minimum  thcnnometers,  662. 

Thermometrie  degr(*es,  French  and  English, 
Iiitrod.  Chap.,  xxxviii. 

Thunder  :  effects  of  thunderbolts,  667. 

Tides  15. 

Time,  me^isures  of  {see  Pendulum). 

Torricelli,  his  discovery  of  the  principle  of 
the  barometer,  89. 

Tourmaline,  double  refraction  of,  383 ; 
polarization  of  light  by,  391  ;  effects 
of  tourmaline  pincette,  400. 

Translucent  and  transparent  substances, 
222. 

Tyndall,  Professor,  on  calorific  solar  rays, 
340  ;  expansive  force  of  freezing  wat^r, 
446 ;  experiments  on  heat,  473,  475  ; 
inffuence  of  the  ocean  on  climate,  488  ; 
amount  of  heat  radiated  by  the  sun, 
495 ;  crystalline  texture  of  ice,  ice- 
flowers,  661. 


U. 


ITmbra  and  penumbra,  226. 
Undulatory  theory  of  li^ht,  372,  404. 
Unit  of  heat,  or  "calone,"  485. 
Units :    French    and    English    Scientific 

Units,  Introd.  Chap.,  xxxv. 
(Universal  gravitation,  11. 
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Vacuum,  85,  89,  90,  103,  107  {see  Air 
Pump). 

Van  Marum's  electrical  machine  and  ex- 
periments, 559,  580. 

Velocity,  French  and  English  units  of, 
Introd.  C/uip.,  xxxviii 

Velocity  of  Light,  231-237,  353;  of  solnr 
winds,  356 ;  of  falling  bodies,  32  ;  of 
sound,  132-137  ;  of  stars  measured  by 
the  spectrosco|)e,  333,  335. 

Vibrations  of  Sound  {see  Sound). 

Vidi's  aneroid  barometer,  101. 

Voice,  Human,  124. 

Volcanoes,  8. 

Volta,  his  experiment  of  electrical  hail, 
562 ;  his  electrical  discoveries,  583, 
585,  593,  597. 

Von  Guericke,  Otto,  his  electrical  machine, 
552. 

W. 

Walfenlin's  metastatic  thermometer,  426  ; 
maximum  and  minimum  thermometers, 
663. 

AVater :  salt  and  fresh,  70  ;  expansion  and 
contraction  at  different  temperatures, 
441  ;  evaporation,  ebullirion,  and  vapo' 
rization,  444-452;  electrical  properties 
of,  534;  its  decomposition  by  the 
electric  pile,  601  {see  Force  Pump, 
Ihimps,  Siphon,  Suction  Pump). 

Weight  of  bodies,  1,  45  ;  of  liquids,  58  ; 
of  the  air  and  gases,  84 ;  of  bodies  in 
vacuo,  115. 

Weight,  French  and  English  units  of, 
Introd.  Chap.,  xxxviL 

Wheatstone's  exi>eriments  :  ffeteors,  665. 

Wheel  barometer,  99. 

Wind,  its  effect  on  the  barometer,  665. 

Wollaston's  experiments  :  in  photometry, 
245 ;  discovery  of  dark  hues  in  the 
solar  spectrum,  323  ;  researches  in  chro- 
matic polarization  of  light,  402  ;  elec- 
tric pile,  594. 
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Young's  principle  of  interference  of  lunii- 
nous  waves,  358,  361. 
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